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EFFECTS OF HEMATOCRIT VARIATIONS ON MICROCIRCULATORY 
HEMODYNAMICS AND OXYGEN TRANSPORT IN HAMSTER STRIATED MUSCLE 
ABSTRACT 
A thesis submitted in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy at  Virginia Commonwealth University 
Lih Kuo 
Virginia Commonwealth University 
Advisor: Dr. Roland N. Pittman 
Experiments were performed to investigate the i nfluence of isovolemic 
hemodilution and hemoconcentration on microcirculatory hemodynamics and oxygen 
transport in the hamster cheek pouch retractor muscle. Measurements of red blood 
cell velocity, microvessel hematocrit, vessel diameter, segment length (L) ,  
hemoglobin oxygen saturation (S02) and longitud inal S02 gradient (l.S02/L)  were 
made in four arteriolar branching orders before and after isovolemic exchange 
with plasma (hemodilution) or packed red blood cells (hemoconcentration). 
In the study of hemodilution, systemic hematocrit was reduced from 52 to 33% 
m 23 hamsters. This degree of hemodilution resulted i n  an average decrease in 
microcirculatory hematocrit from 42 to 28%, and average increases in red blood 
cell velocity, computed blood flow and systemic arterial oxygen tension (P02) of 
50%, 30% and 1 0%, respectively. In addition,  l.S02/L was significantly smaller in 
second, third and fourth order arterioles compared with control values. It was 
estimated that about 16% of the oxygen that diffused across the arteriolar 
network was consumed by the surrounding tissue; the remaining oxygen was 
presumably transferred by diffusion to nearby venules and capillaries. Following 
hemodilution, the proportion of the diffusional loss that was consumed by the 
periarteriolar tissue increased to about 27%. Convective oxygen flow remained at 
i ts control level in  the first order arterioles, and progressively increased 
above control with increasing branching order. The increased oxygen delivery to 
the capillary network following limited hemodilution can be attributed to a 
compensatory increase i n  blood flow, an i ncrease in systemic arterial blood 
oxygenation, and a decrease in precapillary oxygen loss. 
In  the study of hemoconcentration, systemic hematocrit was increased from 
50% to 65% in  1 7  hamsters. Microcirculatory hematocrit increased from 40% to 
50%, while the average red blood cell velocity and computed blood flow decreased 
approximately 40% and 30%, respectively. llS02/L significantly i ncreased in the 
four arteriolar branching orders compared with control values. It  was estimated 
that about 1 0% of the oxygen that diffused across the arteriolar network was 
consumed by the surrounding tissue; the remaining 90% was presumably transferred 
by diffusion to nearby venules and capillaries. Convective oxygen flow again 
remained at its control level in the first order arterioles and progressively 
decreased below control in  the more d istal branching orders. Our analysis of 
arteriolar oxygen diffusion indicated that tissue oxygenation was unchanged 
following hemoconcentration, a result that can be attributed to a combined effect 
of decreased red blood cell velocity, increased precapillary oxygen loss, 
relatively unchanged diffusional shunting and arteriolar vasodilation. It 
appears that oxygen d iffusion from arteriolar networks may play an important role 
in the regulation of tissue oxygenation during alterations of systemic 
hematocrit .  
x 
INTRODUCTION 
Blood is a suspension of cellular elements in plasma. It is a non­
Newtonian fluid and behaves similarly to thixotropic "non-drip" paints and 
other "pseudoplastic" fluids. An increase in shear rate or mean linear flow 
velocity dramatically reduces blood viscosity and improves i ts fluidity (Chien, 
1972) .  It is well known that the primary function of blood circulation is to 
transport materials that serve the metabolic needs of tissue cells. An 
adequate supply of oxygen to tissue is dependent on this circulatory system 
that transports oxygen as oxyhemoglobin in red blood cells ( RBCs). 
Under physiologic conditions the oxygen supply to a tissue can be adjusted 
through changes in blood flow and in the oxygen content of blood. Although 
tissue perfusion is  dependent on overall cardiovascular function,  recent  
studies have indicated that hemodynamics and the rheological properties of the 
blood can also play an important role in the regulation of blood flow and 
oxygen transport i n  the microcirculation (Chien, 1972; Usami, 1 982) .  The 
rheological properties of flowing blood are closely related to the hematocrit 
(Chien, 1972; Usami, 1 982), the volume fraction of red blood cells in whole 
blood. Variations of hematocrit, which are often encountered in many 
pathophysiological conditions, tend to produce proportional changes in blood 
oxygen content and opposite changes in blood flow. Although a number  of 
investigators have studied the effect of alterations of systemic hematocrit on 
hemodynamics and oxygen transport in the entire systemic circulation 
(Richardson and Guyton, 1959; Murray et a!. , 1 962 and 1963; Jan et  a!. , 1977; 
McGrath and Weil, 1978), as well as i n  specific organs (Jan et a!. , 1977; 
Surjadhana et a!., 1978; Fan et a!., 1980; Baer et a!., 1987), only a few 
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studies have been conducted at the microcirculatory level. 
Previous studies on the relationship between hematocrit and oxygen 
transport in the systemic circulation have led to the development of the 
concept of an optimal hematocrit. According to the proponents of this concept, 
the effects of hematocrit on oxygen transport can be understood from a simple 
cost-benefit analysis. For example, reducing the hematocrit lowers the 
viscosity of the blood. This has the benefit of providing a greater blood flow 
at a given perfusion pressure. However, the cost of reducing the hematocrit is 
a lower oxygen-carrying capacity of the blood. This diminishes oxygen delivery 
at a given blood flow. In the extreme case where the hematocrit is zero, blood 
flow is maximal but oxygen content is very low due to the small solubility of 
oxygen in the plasma. Conversely, at a hematocrit of 1 00%, oxygen content is 
maximal but the blood is too viscous to flow. Between these two extremes lies 
the optimal hematocrit .  
Based on theoretical considerations, Hint  ( 1 968) predicted that systemic 
oxygen transport would reach a maximum at a hematocrit of approximately 30%. 
In acute experiments on dogs undergoing isovolemic blood exchange for dextran 
60 or packed red ce\1s, respectively, Sunder-Plassmann et  al. ( 1 97 1 )  were able 
to confirm that the maximum oxygen transport did not coincide with the control 
hematocrit (40% to 45%), but rather with a lower hematocrit  of about 30%. The 
increase in oxygen transport at lower systemic hematocrit was explained by the 
enhancement of cardiac output being proportiona\ 1y greater than the 
corresponding fa\ 1 in arterial oxygen content of blood at this hematocrit. For 
limited isovolemic hemodilution (hematocrit not lower than 20%), it  has been 
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commonly found in animal studies, as well as i n  awake or anesthetized patients, 
that cardiac output increases when the hematocrit is reduced (Richardson and 
Guyton, 1959; Murray et aI . ,  1962; Messmer et  aI . ,  1972; Fahmy et  aI . ,  1980) . 
Guyton and Richardson ( 196 1)  demonstrated that lower systemic hematocrit 
results in an increase in venous return to the heart. They also claimed that 
the improvement of cardiac output and venous return originated from the 
enhanced fluidity of diluted blood due to its decreased viscosity. Many 
investigators have reported that increased preload on the heart and a reduction 
in left ventricular afterload following a reduction in systemic hematocrit are 
due to the reduced v iscous resistance. Thus, this allows stroke volume to 
increase significantly above control and results in an increased cardiac output 
while the heart rate and systemic arterial pressure remain relatively constant 
( Richardson and Guyton, 1959; Guyton and Richardson, 196 1 ;  Messmer et  aI . ,  
1 972) .  
The optimal hematocrit for maximum systemic oxygen transport has been 
reported to be between 30% (Sunder-Plassmann et  aI., 1 9 7 1 ;  Messmer et aI . ,  
1972) and 45% ( Richardson and Guyton, 1959; Murray et  aI . ,  1962 and 1963; 
Smith and Crowell ,  1 963) .  Jan et al. ( 1977) reported that systemic oxygen 
transport exhibited a bell-shaped relation with hematocrit, exhibiting a broad 
maximum over the hematocrit range of 40% to 60%. This d ifference in results 
for the optimal hematocrit in the systemic circulation is probably due to 
fundamental differences in the experimental protocols, methods to measure 
cardiac output and various diluents, as d iscussed by Messmer ( 19 8 1 ) .  
Recently, several investigators have studied the effect o f  variations of 
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hematocrit on oxygen transport at the level of individual organs and have 
determined the optimal hematocrit for tissue oxygenation in various organs (Jan 
and Chien, 1 977; Fan et  aI., 1 980; Shepherd and Riedel, 1 982; Baer et  aI . ,  
1 987) .  Fan et  al .  ( 1 980) demonstrated that the optimal hematocrit range for 
maintaining a constant oxygen supply was d ifferent  among various organs. 
Abdom inal organs were able to maintain a constant oxygen supply at hematocrits 
between 30% and 55%. In addition, the optimal hematocrit ranges for brain (Fan 
et  aI . ,  1980) and myocardium (Jan and Chien, 1 977; Fan et  aI., 1 980) were 30% 
to 65% and 1 2% to 65%, respectively. However, in  a study of the isolated 
canine intestinal loop at constant pressure perfusion, Shepherd and Riedel 
( 1 982) showed that optimal hematocrit for intestinal oxygenation occurred at 
approximately 50% hematocrit. This is slightly higher than the normal systemic 
hematocrit in the dog. More recently, Baer et  al. ( 1 987)  have reported that 
myocardial oxygen transport in  the maximally dilated coronary circulation 
exhibits an i nverted U -shaped relation to hematocrit, with a peak occurring at 
or slightly above normal hematocrit. This indicates that local hemodynamic and 
vasomotor activities of regional vascular beds might play a major role in 
determining the range of optimal hematocrit (Fan et  aI . ,  1 980).  Although the 
effects of altered hematocrit on macrocirculatory hemodynamics and oxygen 
transport have been examined in several organs, only limited information is 
available from in situ observations in the microcirculation (Lipowsky and 
Firrell, 1 986). Since the microvasculature is normally subject to neural and 
humoral control and is the site of blood- to-tissue oxygen exchange, 
understanding the effect of hematocrit variations on microcirculatory 
hemodynamics and oxygen transport is crucial. 
5 
Reduction of hematocrit, especially isovolemic hemodilution, has been  
applied to  a wide range of  medical and surgical practices to  improve tissue 
oxygenation (Messmer and Sunder-Plassmann, 1 974; R ieger et  ai., 1 98 1 ;  Messmer 
et  aI., 1 986).  According to observations i n  the systemic circulation and 
at the organ level in  animal studies, oxygen transport falls when systemic 
hematocrit i s  reduced below about 30% (except for myocardium).  A number  of 
clinical studies have shown that oxygen transport and tissue oxygenation can be 
maintained i n  the control range and even increase in several organs despite 
considerable reduction in systemic hematocrit (decrease from control down to 
20%) (Sunder-Plassmann et a i . ,  1 976; Fahmy et ai . ,  1 980; Messmer et a i . ,  1 986). 
Explanations for these clinical observations are not currently available. It 
has been suggested that reduction of systemic hematocrit under isovolemic 
conditions aids tissue oxygenation by increasing oxygen delivery secondary to 
decreased blood viscosity and increased blood flow (Messmer et ai., 1 973  and 
1 986; Messmer and Sunder- Plassmann, 1 974).  However, Ackermann and Veress 
( 1 980) and Fan et  ai. ( 1 980) have shown that specific organ blood flows are 
affected in d ifferent ways as hematocrit changes. In addition, the delivery of 
oxygen to a tissue is not only determined by the blood flow, but  also 
determined by local hemodynamic factors and vascular geometry. At the level of 
single micro vessels the supply of oxygen is determined by red blood cell 
velocity, vessel diameter, microvessel hematocrit and the amount of oxygen 
bound to hemoglobin.  Following alterations in systemic hematocrit, some of 
these other factors might be modified, thereby producing changes in blood 
rheology and hemodynamics. Thus, changes in tissue oxygenation might occur due 
to alterations in microcirculatory oxygen transport. 
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The axial migration of flowing red blood cells within microvessels 
(Fahraeus effect) and the heterogeneous nature of microcirculatory networks 
lead to a m icrocirculatory hematocrit lower than that in the macrocirculation 
(Lipowsky et  aI., 1 980; Kanzow et aI., 1 982). Thus, hematocrit  in the 
microcirculation is not simply related to the systemic value (Lipowsky and 
Firrell, 1 986). This suggests that macrocirculatory measurements of oxygen 
transport may not be precisely related to oxygen transport in  the 
microcirculation following changes in systemic hematocrit. Therefore, 
microcirculatory data regarding the effects of altered systemic hematocrit on 
oxygen transport should provide greater insight into the mechanisms of oxygen 
delivery i n  microvascular networks and also could have significant consequences 
in medical practice. 
I t  has been shown that isovolemic increases in systemic hematocrit  
(hemoconcentration or polycythemia) are associated with decreased cardiac 
output and increased vascular resistance to blood flow due to the increased 
blood viscosity (Richardson and Guyton, 1 959; Murray et  aI . ,  1 962 and 1 963; 
Weisse et  aI. , 1 964). I t  appears that the advantage of an increased oxygen­
carrying capacity of blood is  offset by hyperviscosity-induced increases i n  
vascular resistance with a resulting decrease i n  cardiac output. I n  fact, 
there is  little support for the notion that hematocrits substantially above 
normal are useful. Several investigators (Richardson and Guyton, 1 959; Murray 
et  aI . ,  1 962 and 1 963; Weisse et  aI . ,  1 964) have reported that a reduction i n  
systemic oxygen transport i s  a consequence o f  i ncreasing systemic hematocrit. 
Fan et  al. ( 1 980) studied the effect of hematocrit variations on regional 
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oxygen transport i n  the dog and found that the oxygen supply to abdominal 
organs was maintained at a constant level until systemic hematocrit was 
increased beyond 60%. Jan and Chien ( 1 977)  reported that oxygen delivery to 
the coronary c irculation remained constant under polycythemic conditions 
(hematocrit = 65%). In  the cerebral circulation, similar results were also 
reported by Rosenkrantz et al. ( 1 984) .  How tissues maintain normal oxygenation 
under conditions of high systemic hematocrit is unclear. 
Because of the occurrence of polycythemia in many d iseases (e .g . ,  chronic 
obstructive lung disease, cyanotic congenital heart disease, and chronic 
altitude exposure) and because of the frequent use of blood doping by athletes 
to increase their maximal aerobic power during competition, a better 
understanding of the effect of hemoconcentration on oxygen delivery, and how 
hemodynamic and vascular geometric factors might contribute to the adjustment 
of tissue perfusion and oxygenation following hemoconcentration are very 
important. 
As early as 1 9 1 9, August K rogh proposed a simple model to describe oxygen 
d iffusion from capillaries to an idealized tissue cylinder (Krogh, 1 9 1 9) .  He 
suggested that most, if not all, oxygen was supplied to tissue by passive 
diffusion across the walls of the capillaries. This concept was widely 
accepted for a number  of years until the work of Davies and Bronk (Davies and 
Bronk, 1 957) .  They used polarographic oxygen microcathodes to measure the 
partial pressure of oxygen (P02) on the surface of cat cerebral cortex and 
reported that P02 was greater near large arterioles than at more distant tissue 
s ites ( Davies and Bronk, 1 957) .  This result suggested that oxygen could 
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diffuse across the walls of precapillary microvessels. Several years later, 
Duling and Berne ( 1 970) used oxygen microcathodes to measure periarteriolar 
P02 in the superfused cheek pouch of the hamster, as well as hamster and rat 
cremaster muscles. They reported a significant longitudinal gradient of 
periarteriolar P02 in those tissues and concluded that the magnitude of the 
decrease in P02 indicated that a substantial quantity of oxygen diffused across 
the walls of the arterioles. 
Duling ( 1 972) subsequently examined the effects of altered oxygen supply 
on m icrovascular responses and confirmed his earlier finding of a longitudinal 
gradient in periarteriolar P02 in hamster cheek pouch. When the cheek pouch 
was superfused with a high P02 solution (82 mmHg), he observed an elevated 
tissue P02 of 25 mmHg and only a small longitudinal periarteriolar P02 
gradient. Reduction of superfusion solution P02 to 47 mmHg, however resulted 
in a 1 2  mmHg tissue P02 and a substantial periarteriolar oxygen gradient. 
Five years later, Pittman and Duling ( 1 977)  confirmed this oxygen gradient 
along arteriolar networks by directly measuring the oxygen saturation of red 
blood cell hemoglobin in i ndividual arterioles of hamster cheek pouch. 
Arteriolar oxygen d iffusion has also been reported in the cat (Duling et aI . ,  
1 979) and rabbit ( Ivanov et  aI . ,  1 982) cerebral cortex. 
Recently, Swain and Pittman ( 1 984) measured oxygen saturation in large 
and small arterioles and venules in the hamster retractor muscle and found that 
approximately two-th irds of the oxygen lost from the ci rcu lation diffused 
across the walls of the arterioles. Only one third of the net loss could be 
attributed to exchange across the capillaries. Their results suggest that the 
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oxygen which d iffuses across the arteriolar wall might be an important source 
for tissue respiration.  However, it  is not clear how hemodynamic and vascular 
geometric factors affect this longitudinal oxygen saturation gradient and what 
the importance of this gradient is in  terms of oxygen transport to the tissues 
following alteration of systemic hematocrit. The physiological role of this 
arteriolar loss of oxygen and its destination have not been systematically 
analyzed for different hematocrits. 
To answer these questions, the studies described in this thesis have been 
carried out under two separate experimental conditions, hemodilution and 
hemoconcentration.  We analyzed the relative contributions of changes in 
microvessel hematocrit, red blood cell velocity, vessel diameter and oxygen 
saturation to the alterations in blood flow and oxygen transport in  arteriolar 
networks of the hamster retractor muscle following isovolemic variations of 
systemic hematocrit - hemodilution and hemoconcentration. We found that 
convective oxygen delivery in the arteriolar network increased after 
hemodilution and this was attributable to an increase in blood flow, 
improvement of arterial blood oxygenation and a decrease in the precapillary 
loss of oxygen .  Hemoconcentration resulted in a decrease in blood flow, an 
increase in the precapil lary loss of oxygen, and a gradual decline in 
convective oxygen delivery in the arteriolar network. 
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SECTION I 
EFFECT OF H EMODILUTION ON OXYGEN TRANSPORT 
IN ARTERIOLAR NETWORKS OF HAMSTER STRIATED MUSCLE 
I I  
1 2  
METHODS 
Retractor Muscle Preparation 
Experiments were carried out on 23 male golden hamsters weighing between 
68 and 85 g (75 ± 1 .4 (SE),  age = 33 ± 2 (SE) days). Animals were initially 
anesthetized with sodium pentobarbital (65 mg/kg body weight, i .p . )  and 
supplemental anesthetic was administered by continuous infusion through the left 
femoral vein. The infusion rate of 0.07 - 0 . 1 4  mg/min was adjusted to maintain 
an adequate level of anesthesia. The trachea was cannulated to ensure a patent 
airway and animals breathed room air spontaneously. The right femoral artery 
and vein were cannulated to perform isovolemic reduction of systemic hematocrit. 
The left femoral artery was cannulated with PE- lO tubing to monitor continuously 
systemic arterial blood pressure. Data were collected only if mean arterial 
blood pressure exceeded 80 mmHg. 
The right cheek pouch retractor muscle was prepared for in vivo microscopy 
as described by Sullivan and Pittman ( 1 982). Briefly, the retractor muscle was 
exposed by an incision in the skin along the upper middle back,  the spinal end of 
the retractor muscle was separated from underlying back muscles and a hemoclip 
(Edward Weck) was used to clamp two ligatures to the muscle.  The spinal end of 
the muscle was then severed and the muscle was placed ventral side up on a clear 
plexiglass platform. Several ligatures were then attached to the edge of the 
muscle to flatten i t  and maintain it  at its in situ dimensions. The muscle was 
covered with a thin transparent plastic film (Saran, Dow Corning) to prevent 
desiccation and minimize gas exchange between the muscle and the atmosphere. 
We have not observed any obvious deleterious effects of Saran (e .g . ,  altered 
microvascular patency, platelet aggregation, or increased numbers of white 
blood cells) on the retractor muscle. Deep esophageal and muscle temperature 
were monitored and maintained at 37 ± 1 °C by separate heat exchangers within 
the animal platform. 
Hemodilution Procedure 
The reduction of systemic hematocrit was carried out by isovolemic exchange 
transfusion. Fresh heparinized blood, about 5 to 6 ml, was obtained from a 
male donor hamster ( 1 3 1  ± 6 (SE) g, age = 78 ± 7 (SE) days) .  After 
centrifugation at 1 380 g for 1 0  min,  the plasma (2 .5 to 3 .0  ml) and packed 
cells were separated . Hemodilution was performed by withdrawing blood from 
the right femoral artery and simultaneously infusing plasma into the right 
femoral vein at the same rate (0.30 ml/min).  A time period of 8 to 1 0  min was 
usually taken to accomplish the hemodilution procedure. All hemodynamic and 
oxygen transport measurements were made at least 20 min after hemodilution. A 
small amount ( 1 00 J.l1) of arterial blood was taken to determine systemic blood 
gases and pH using a blood gas analyzer (Radiometer NS, Copenhagen,  Denmark), 
and system ic arterial hematocrit was determined by microcentrifugation before 
hemodilution and at the end of the experiment. 
Measurements of Hemodynamic Variables and Hemoglobin Oxygen Saturation 
The retractor muscle was transil Iuminated with a xenon lamp and the 
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microcirculation was observed with a Leitz Labolux II microscope equipped with 
a long working distance objective (UMK 50/0.60). The objective was used dry 
to give an effective magnification/numerical aperture of 32x/0.40. The 
microscopic image was displayed on a television monitor, and the vessel 
luminal diameter was measured from the monitor using a video analyzer 
(Colorado Video Model 32 1 ) . Centerline dual-sensor RBC velocity was 
determined using the dual sensor cross-correlation method of Wayland and 
Johnson (i 967) as modified by Intaglietta et al. (i 970). The hemoglobin 
oxygen saturation (SOz) in single microvessels was determined by the three­
wavelength spectrophotometric method developed by Pittman and Duling (i 975) .  
The m icrovessel hematocrit was determined by the method of Lipowsky et al. 
(i 982).  These measurements were performed simultaneously using the on-l ine 
m icrocomputer system described by Duling et al . (i 983).  
Arterioles of the retractor muscle were classified by branching order. 
The large input arterioles which originate outside of the retractor muscle 
were designated as first order (i 0). Branches of first order arterioles were 
designated as second order (2°) and so on. Usually, either capillaries or 
small terminal arterioles branched d irectly from a given 4° arteriole. 
Clearly visible vessel segments were selected for this study. In four 
branching orders of the arteriolar network, simultaneous determinations of 
vessel d iameter, dual-sensor RBC velocity, microvessel hematocrit and SOz were 
made at the same upstream and downstream sites of the longest unbranched 
segment of that vessel order before and after hemodilution. Unbranched 
segments were used to ensure that any differences in oxygen saturation at the 
two sites were due to d iffusion across the intervening arteriolar walls rather 
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than the result of a differential distribution of convective oxygen flow at 
bifurcations. The length of each segment (L)  was also measured. The change 
in S02 (.6.S02) for each segment was expressed as the difference between the 
upstream and downstream S02 values and the longitud inal S02 gradient (.6.S02/L) 
was computed for each segment. 
Calculations of Blood Flow and Oxygen Flow 
To quantify the rate at which oxygen is delivered by convection to a 
particular location within the microcirculation, it is necessary to estimate 
both blood flow and oxygen content .  Oxygen content, [02],  is determined 
primarily by the hematocrit and the S02 as expressed by the following 
equation: 
[I] 
where Cb represents the oxygen binding capacity of hemoglobin ( 1 .34 ml 02/g 
Hb) and [Hb] is the hemoglobin concentration (g Hb/IOO ml of arteriolar blood) 
which is the product of hematocrit and mean corpuscular hemoglobin 
concentration ( 3 1 .55  g Hb/ I 00 ml RBC (Meyerstein and Cassuto, 1 970» . The 
physically dissolved oxygen was neglected in this calculation due to the low 
solubility of oxygen in plasma. 
Blood flow was estimated as the product of mean blood velocity and vessel 
luminal  cross sectional area assuming a circular cross section (d = diameter). 
Mean blood velocity (V) was determined from the centerline dual sensor 
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velocity using the method described by Pittman and Ellsworth ( 1 986) which 
takes into account the spatial averaging inherent in  the method as well as the 
bluntness of the velocity d istribution. Blood flow (Qb) and oxygen flow (Q02) 
i n  a single microvessel were computed as: 
Downstream values of these variables were used in these calculation. 
Statistical Analysis 
All results of this study are expressed as the mean ± SE. Statistical 
comparisons between control and hemodiluted conditions for each measured or 
calculated parameter i n  four branching orders of arterioles were made using 
Student's paired t- test. Comparisons of measured parameters across arteriolar 
branching orders were performed using an analysis of variance followed by 
Duncan's multiple range test. Statistical significance was assigned to be 
p < 0.05.  
[2) 
[3 ) 
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RESULTS 
Under control conditions, mean systemic hematocrit, arterial blood 
pressure, arterial blood gases and pH of anesthetized hamsters are summarized 
in Table 1 .  At the microcirculatory level, average microvessel hematocrit in 
four branching orders of arterioles was 42.5 ± 0.4%, which is significantly 
lower than the corresponding systemic value (5 1 .8 ± 0.4%). There were no 
statistical differences in microvessel hematocrit among the four branching 
orders ( Fig. I A). Furthermore, no systematic changes in microvessel 
hematocrit were observed among the vessels we measured in each animal. Mean 
vessel d iameter gradual ly fell from 62 . 1  ± 4.0 j.£m in 10 arterioles to 23.4 ± 
0.9 j.£m in 40 arterioles (Fig. I B), and mean RBC velocity significantly 
decreased from 1 8 .0 ± 1 .2 mm/sec in 10 arterioles to 3.7 ± 0.3 mm/sec In 40 
arterioles ( Fig.  IC). Hemoglobin oxygen saturation progressively declined 
u nder control conditions from 7 8 . 1  ± 3 . 1 %  in systemic arterial blood to 66.8 ± 
2.4% i n  1 0  arterioles and then gradually fell to 51.2 ± 1 . 7% in 40 arterioles 
(Fig. I D).  
After hemodilution, systemic arterial hematocrit was significantly 
reduced from a control value of 51.8 ± 0.4% to 32.6 ± 0 .5% (Table I ) . Mean 
systemic arterial blood pressure consistently and sign ificantly decreased by 
about 15 mmHg following this degree of hemodilution and within 10 to 1 5  min 
stabilized at this level for the remainder of the experiment. Arterial P02 
and pH generally increased and arterial PC02 generally decreased following 
reduction of systemic hematocrit (Table I ). 
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Table 1 .  Mean systemic value of hematocrit, arterial blood pressure and blood gases for 
control and hemodiluted conditions. 
H. Pa Pa02 PaC02 pHa 
(%) (mmHg) (mmHg) (mmHg) 
Control (23) 5 1 .8 ± 0 .4 1 05.2 ± 3.2 50.8 ± 1 .7 53.6 ± 0.9 7 . 3 1  ± 0.0 1 
Hemodilution (23) 32.6 ± 0.5* 90.3 ± 3.0* 55.9 ± 1 .5* 49.2 ± 0.8* 7 .37 ± 0.0 1· 
H. = systemic hematocrit; P a = mean arterial blood pressure; P a02 = systemic arterial 
oxygen partial pressure; P aC02 = systemic arterial CO2 partial pressure. pHa = systemic 
arterial pH.  Values are mean ± SE. Number of observations is in parentheses. 
Comparisons between control and hemodilution conditions were made using Student's 
paired t-test. 
* Significantly d ifferent from control, p < 0.05. 
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Figure 1. Effects of hemodilution on systemic (S) and microcirculatory ( I 0  to 40 
arterioles) hematocrit (Hct) in  panel A, vessel diameter (d) in  panel B ,  mean 
blood velocity (v) in  panel C and downstream hemoglobin oxygen saturation (S02) 
in panel D. Fil led symbols and open symbols represent control and hemodiluted 
states, respectively. Vertical bars denote mean ± SE. 
• Significantly different from control (p < 0.05). The number of observations is 
given in parentheses. 
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Hemodilution decreased mean microvessel hematocrit in four branching 
orders of arterioles to approximately 28.3 ± 0.5% (Fig. I A). Vessel diameter 
decreased significantly in 10 and 4° arterioles (Fig. I B), but was unchanged in 
20 and 3° arterioles (p > 0.2) . In addition, mean RBC velocity increased 
significantly (p < 0.0 I) in all branching orders of arterioles (Fig. I C). 
Hemoglobin oxygen saturation was significantly higher in systemic arterial blood 
and all branching orders of arterioles following the reduction in systemic 
hematocrit (Fig. I D). However, the difference in S02 between the systemic 
value (85.3 ± 2.4%) and that in 4° arterioles (67.9 ± 1 .7%) was less than under 
control conditions (Fig. I D). 
Prior to hemodilution, the longitudinal gradient in S02 (�S02/L) increased 
with increasing branching order from an average of 1 . 1  ± 0.2 %/mm in 10 
arterioles to 13. 1  ± 1 .0 %/mm in 4° arterioles (Fig. 2) . After reducing the 
systemic hematocrit, �S02/L continued to increase across branching orders. 
However, the increase in �S02/L was less than that observed under control 
conditions (Fig. 2) . The change in �S02/L from I ° to 4° arterioles was 
statistically significant (p < 0.05) for both normal and reduced systemic 
hematocrit .  
Figure 3 illustrates the comparison between control and experimental values 
of mean RBC velocity (v), vessel diameter (d), mean blood flow (Qb) and oxygen 
flow (Q02)' Following hemodilution, mean RBC velocity increased approximately 
50% above control values in the four branching orders (Fig. 3A) and the increases 
were not statistically different among the four branching orders (p > 0.2) .  
Despite the vasoconstriction that occurred during hemodilution in the 10 and 40 
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Figure 2. Effect of hemodilution on longitudinal oxygen saturation gradient 
(LlS02/L) .  Data obtained under control and hemodiluted conditions are shown as 
filled and open c ircles, respectively. Vertical bars denote one SE. 
• Significantly different from control value (p < 0.05) . 
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Figure 3. Effects of hemodilution on mean blood velocity (v), vessel d iameter 
(d), blood flow (Qb) and oxygen flow (Q02) in the arteriolar network ( 1 0  to 40 
arterioles) of the retractor muscle. The result for each variable following 
hemodilution is  expressed relative to its control value in the same microvessel. 
The dashed l ine represents the control condition in each graph. Vertical bars 
denote mean ± SE. 
* Significantly d ifferent from control (p < 0.05). 
f Significantly different  from I ° arterioles (p < 0.05) . 
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arterioles (mean diameter decreased by 1 1 % and 9.5%, respectively; Fig. 3B),  the 
blood flow in the arteriolar network increased approximately 30% over control 
values (Fig.  3C). The increases in blood flow after hemodilution were not 
significantly different (p > 0.2) among branching orders. However, there was a 
tendency for oxygen flow, relative to control values, to increase across the 
four branching orders (Fig. 3D). Although oxygen flow was not statistically 
different in  I ° arterioles before and after hemodilution, the gradual increase m 
mean oxygen flow with i ncreasing branching orders was up to 24% above control 
in 4° arterioles (p < 0.05) .  
As shown i n  Figure 4, arteriolar hematocrit was 81 to 83% of the systemic 
value under control conditions, and there was no significant difference among 
four arteriolar branching orders. With hemodilution, the arteriolar to systemic 
hematocrit  ratio significantly increased in 2°, 3° and 4° arterioles compared 
with control values (Fig. 4 ); however, no statistical difference of this ratio 
was found among the four arteriolar branching orders (p > 0. 1 ) . 
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Figure 4. Effect of hemodilution on the ratio of microcirculatory hematocrit 
(Hm) to systemic hematocrit (H.) in  four successive branching orders of 
arterioles. Filled circles and open circles represent control and hemodilution 
conditions, respectively. Vertical bars denote one SE. 
• Significantly higher than the control value (p < 0.05) . 
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DISCUSSION 
Under physiological conditions the delivery of oxygen to an organ by the 
c irculatory system can be altered by changes in either the arterial oxygen 
content, blood flow or both. Arterial oxygen content is, to a good 
approximation, the product of the oxygen binding capacity of hemoglobin, 
arterial oxygen saturation and hematocrit (Equation I ) . For a given tissue or 
organ, the dynamics of the normal microcirculation depend on the passive 
rheological properties of the flowing blood and the prevailing local vasomotor 
conditions. Therefore, changes in any of these factors may significantly 
alter the delivery of oxygen to the tissues. 
In the present study, reducing systemic hematocrit from 52% to 33% 
resulted in consistent decreases in systemic arterial blood pressure by 1 5  
mmHg and improvement of systemic blood oxygenation (Table I ) . This decrease 
in blood pressure could be attributed to a decrease in blood viscosity. 
Previous studies using l imited hemodilution (systemic hematocrit not lower 
than 20%) have found an increased cardiac output associated with decreased 
total peripheral resistance (Richardson and Guyton, 1 959; Murray et aI . ,  1 963; 
Messmer and Sunder-Plassmann, 1 972; Jan and Chien, 1 977; Winslow et aI . ,  
1 985), but relatively constant systemic arterial blood pressure (Messmer and 
Sunder-Plassmann, 1 972; Jan and Chien, 1 977;  Fan et aI., 1 980). Hamsters, the 
species used in our study, usually exhibit normal systemic hematocrit (between 
50-53% (Walker and Voelkel, 1 982)) that is higher than that of most other 
species. Studies of animals (Seiffge, 1 98 1 )  and men (Winslow et  aI., 1 985)  
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with high hematocrit i n  which total peripheral resistance is primarily 
determined by blood viscosity, demonstrate that systemic arterial blood 
pressure is significantly decreased when hemodilution is performed. In their 
native habitat as fossorial animals, hamsters are commonly exposed to hypoxic 
and hypercapnic environments . Low values of P a02 (63-74 mmHg) and relatively 
high  values of P"C02 (45 - 5 1  mmHg) in awake hamsters are commonly observed 
(Walker and Voelkel, 1 982; O'Brien et aI . ,  1 979), due possibly to alveolar 
hypo ventilation, ventilation-perfusion ratio mismatch and shunt (O'Brien et 
aI., 1 979). The slightly lower P ,,02 and higher P "C02 found in our study 
(Table I) may be due to the effects of anesthesia. The increased rate of 
respiration and improvement of ventilation-perfusion ratio after hemodilution 
was recently reported in polycythemic subjects residing at high-altitude 
(Winslow et aI . ,  1 985) .  Our observations (Table I)  of increased P ,,02 and pH" 
and decreased P "C02 after reduction of systemic hematocrit are in agreement 
with previous findings in other species (Messmer et a I . ,  1 972; Seiffge, 1 98 1 ) . 
Redistribution of blood flow through different organs following 
alteration of system ic hematocrit was studied by Fan et al .  (! 980). They 
found that while blood flow was maintained at a stable level in  the intestine, 
l iver and k idney, i t  increased significantly in the heart and brain and 
decreased in the spleen.  The increase in retractor muscle blood flow (Fig. 3) 
observed in our study is in agreement with a previous report for other muscles 
(Messmer et aI., 1 973; Ackermann and Veress, 1 979). Since systemic arterial 
blood pressure decreased and there was some arteriolar constriction in the 
retractor muscle following hemodilution (Table I and Fig. I ) , the increase m 
blood flow was most likely due to decreased blood viscosity. This is 
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supported by the results of an i n  vitro study of hamster blood (personal 
communication with Giles R. Cokelet, University of Rochester). According to 
the relationship between hematocrit and blood viscosity of his study, 
decreasing hematocrit from 52% to 33% should result in a decrease in blood 
viscosity of about 40% (shear rate = 75.5 sec-I).  In the present study, 
reducing systemic hematocrit from 52% to 33% resulted in a decrease in blood 
pressure of about 1 4% and an i ncrease in muscle blood flow of approximately 
30%. If the i ncrease in muscle blood flow is simply the result of decreased 
blood viscosity, and if we take into account the decrease in systemic blood 
pressure fol lowing hemodilution, we would expect the muscle blood flow to 
i ncrease by about 26%, which is very close to our calculated value of 30%. 
Since precapillary resistance vessels may serve as a major diffusive 
source of oxygen ( Duling and Berne, 1 970; Swain and Pittman, 1 984), the 
decrease in ilS02/L across four branching orders of arterioles after 
hemodilution (Fig. 2) suggests that the oxygen saturation of capillary blood 
should rise due to the decrease in precapillary oxygen loss. We analyzed 
oxygen exchange in the precapillary microcirculation using the theoretical 
model proposed by Popel and Gross ( 1 979). A l inear approximation of the 
model shows that ilS02/L is proportional to the P02 gradient between blood 
and tissue and inversely proportional to v, d2 and hematocrit. 
[4] 
where k, K rogh's d iffusion coefficient (product of oxygen diffusion 
coefficient and muscle oxygen solubility, see APPENDIX I), is the diffusivity 
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of oxygen i n  the muscle; h is a dimensionless factor which depends on vessel 
diameter, wal1 thickness, and a characteristic penetration length for oxygen 
(It) in the muscle; P is the average of upstream and downstream arteriolar 
oxygen tension estimated from measured oxygen saturation and the 
oxyhemoglobi n  d issociation curve of hamster blood using the equations 
presented by L utz et  al. ( 1 975) ,  which take into account the effects of PC02, 
pH and temperature; and Poo is the average minimum tissue oxygen tension. 
Since I t and P 00 were not experimental1y determined in this study, we 
estimated them by fitting our data using a best fit l inear regression to 
Equation 4 and determining the values that gave the best fit. P 00 was varied 
from 0 to 30 mmHg in 5 mmHg i ncrements and the characteristic oxygen 
penetration length, It , was varied from 5 to 50 t-£m in 5 t-£m increments. The 
best fit of the data to Equation 4 was obtained when Poo was equal to 1 0  mmHg 
and It was equal to 25 t-£m. As shown in Figure 5, the slopes for the plots 
under control and hemodiluted conditions were 1 .85 x 1 0-8 (r  = 0.95, n = 4)  
and 0 .93  x 1 0-8 ml  02  / cm sec mmHg (r  = 0.99, n = 4) ,  respectively. These 
two l inear regression lines were statistical1y different (p < 0.0 I ) . Although 
we did not experimental1y determine tissue P02 in our study, Gorczynski and 
Duling ( 1 978)  reported that mean tissue P02 in resting cremaster muscle of 
hamsters is approximately 10 to 1 7  mmHg. These values are compatible with 
our prediction using a best fit l inear regression for Popel and Gross's 
model. Theoretical1y, when the data are plotted according to the variables 
in Fig. 5, al1 data points should lie on a straight line with a slope of 8k. 
Our data appear to confirm the linearity of the relationship between .6.S02/L 
and h' (P-Poo )  / v [HbJ d2 Cb as predicted by the model (Fig. 5), although the 
slope of the regression line is larger than predicted by about a factor of 6. 
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Figure 5. Longitudinal oxygen saturation gradient (�S02/L) as a function of 
){ (P-Poo) / v [HbJ d2 Cb before (filled circles) and after (open circles) 
hemodil ution. Poo is assumed to be the same ( 1 0  mmHg) under control and 
hemodiluted conditions (see Discussion). The slope of the least squares linear 
regression lines for control and hemodiluted states were 1 .85 x 1 0-8 (r = 0.95, 
n = 4) and 0.93 x 1 0 -8 (r  = 0.99, n = 4) ml 02 / cm sec mmHg, respectively. 
These two lines were statistically different (p < 0.0 I ) . Vertical and horizontal 
bars denote mean ± SE. 
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This indicates that oxygen diffusion across the arteriolar wall is greater than 
expected. 
We investigated this discrepancy further by estimating the maximum value 
of DoSOz/L that would be expected if al l  the longitudinal gradient were due to 
oxygen uti l ization by the tissue surrounding arterioles in each branching order. 
Any significant difference between the experimental result and this calculation 
indicates an alternate destination for the oxygen lost from the arterioles ( i .e . ,  
d iffusional shunting to nearby venules or capillaries). The calculation 
described in the APPENDIX I is based on a Krogh tissue cylinder model whereby 
oxygen diffusing from an arteriole is consumed by the surrounding tissue 
cylinder. The maximum radius of such a tissue cylinder corresponds to the radius 
at which tissue POz reaches zero. The maximum radius of the K rogh tissue 
cylinder, the predicted maximum value of DoSOz/L and the observed DoSOz/L for 
each arteriolar branching order are shown in Table 2. The observed DoSOz/L is 
about 7 - fold higher than the theoretically predicted maximum value. This 
indicates that a sign ificant amount of oxygen that diffuses from the arterioles 
is not immediately consumed by the tissue. 
According to the above analysis, we suggest that a large portion of this 
diffused oxygen might be transferred to nearby venules and capillaries 
(diffusional shunting).  The large venules ( I  ° and 2°) are generally parallel and 
close to the I ° and 2° arterioles, and the small venules and capillaries are in 
close proximity to the 3° and 4° arterioles. This geometric arrangement of 
microvessels is optimal for diffusional shunting and would help explain the large 
precapillary oxygen loss. According to this analysis, at least 84% (average 
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Table 2 .  Comparison between observed longitudinal oxygen saturation gradient and value predicted 
from periarteriolar oxygen consumption. 
rm 
(t.S02/L)obl 
(t.S02/L )max 
% Difference 
1 °  
1 36.4 
± 2 .2  
1 . 1  
± 0 .2  
0. 1 2  
± 0.02 
89. 1 
Normal Hematocrit 
2° 3° 4° 
1 23.2 1 1 2 . 1 98.4 
± 2.6 ± 1 .5  ± I . I  
2 .6 6. 1 1 3 . 1  
± 0.4 ± 0.7 ± 1 .0 
0 .35 1 .46 2 .06 
± 0.08 ± 0.70 ± 0.28 
86.5 76. 1 84.3 
Hemodilution 
1 °  2° 3° 4° 
1 36.7 1 28.2 1 1 6.2 1 0 1 .0 
± 2 . 1  ± 3 .5  ± 1 . 4 ± 0.9 
0.6 1 .6 4.6 7 .8  
± 0 .2  ± 0 .5  ± 0 .6 ± 0.9 
0 . 1 5  0.46 0.99 2 .54 
± 0.03 ± 0 . 1 3  ± 0 .35 ± 0.5 1 
75 .8 7 1 .2 78 .3  66.8 
Values are mean ± SE. rm - maximum radius of Krogh tissue cylinder (�m); 
(t.S02/L)obl = observed longitudinal oxygen saturation gradient (%/mm); 
(t.S02/L)max s maximum longitudinal oxygen saturation gradient (%/mm) calculated 
from Equation A6; % Difference ", [(t.S02/L)obl - ( t.S02/L)maxl / (t.S02/L)obl 
value) of the precapillary oxygen loss is passed on to other microvessels via 
diffusion and only 1 6% is  consumed by the tissue surrounding the arterioles 
(Table 2). After hemodilution, the observed .c.S02/L was about four times 
(average value) higher than the predicted maximum value and the estimated 
diffusional uptake by other microvessels decreased to 73% (average value) of the 
measured loss (Table 2). Apparently, the decreased diffusional exchange in 
precapillary vessels following hemodilution allows red cells to carry more oxygen 
to the capil laries. One might expect that tissue P02 would rise after 
hemodilution, s ince the capillaries should be more efficient oxygen exchangers 
than other m icrovessels. 
Hemodilution led to changes in the individual variables on the right side of 
Equation 4 (e.g. P, Poo, V, d and [Hb)) (Fig. I )  as well as a decrease in .c.S02/L 
for each arteriolar branching order (Fig. 2) .  These changes, together with the 
assumption that P 00 did not change following hemodilution, led to the decreased 
slope of the regression l ine in Figure 5. However, the slope of Equation 4 (8k) 
depends on the properties of oxygen diffusion in the muscle, and should therefore 
be the same for both levels of systemic hematocrit. The observed difference i n  
slope could b e  d u e  t o  a rise in tissue P02, and hence P 00' secondary t o  the 
increased arterial P02 (Table I )  and decreased precapillary oxygen loss (Fig. 2) 
observed following hemodilution. We tested a range of values for Poo in an 
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effort to find one that yielded a similar slope for both control and hemodiluted 
conditions. We found that when Poo was 20 mmHg for the hemodiluted condition, 
a slope virtually identical to that for the control case was obtained. This 
result indicates that the estimated minimum tissue P02 increased from a control 
value of 1 0  mmHg to 20 mmHg after hemodilution. According to Equation 4,  a 
significant increase in blood velocity and tissue P02 could compensate for the 
decreased hematocrit and slight vasoconstriction observed during hemodilution and 
lead to a reduction in llS02/L. Thus, the decreased precapil lary oxygen loss, due 
to reduction in RBC residence time combined with a decrease in diffusional 
exchange, could enhance oxygen transport to the capillary network and could 
generally improve tissue oxygenation. So, the minimum tissue P02 might be 
expected to increase following hemodilution. It  has been found in a previous 
study that when systemic hematocrit was reduced to 60% of i ts original value 
(same as our study), tissue P02 increased in several organs, including skeletal 
m uscle (Messmer et a I . ,  1 973). Mean P02 in muscle increased by 9 mmHg 
(Messmer et aI., 1 973),  which is close to our estimated increase of 10 mmHg 
(i .e . ,  estimated Poo increased from 1 0  mmHg to 20 mmHg after hemodilution). 
It  is well documented that the distribution of RBCs and plasma is not 
uniform within the cardiovascular system (Chien, 1 972; Lipowsky et aI., 1 980; 
K anzow et a I . ,  1 982) .  Lipowsky et al. ( 1 980) demonstrated that the ratio of 
m icrovessel hematocrit to systemic hematocrit in cat mesentery fell from 0.80 in 
70 j!m arterioles to a minimum of 0.2 1 in  1 0  j!m venules. Our measurements in 
arterioles of the retractor muscle under normal hematocrit conditions showed that 
m icrocirculatory hematocrit was also about 83% of its systemic value in  the 
largest arterioles (Fig. 4 ); however, we did not observe a gradual decline with 
vessel diameter (Fig. I ) . These d ifferent distributions of hematocrit within cat 
mesentery and hamster retractor muscle may be due to differences in  branching 
patterns, m icro vessel dimensions and RBC flow properties. The ratio of 
microcirculatory to systemic hematocrit averaged over four successive orders of 
arterioles was higher for reduced compared with normal hematocrit (Fig. 4). 
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Recently, Lipowsky and Firrell ( 1 986) have reported a similar finding in the 
mesenteric microvasculature of the cat during reduction of systemic hematocrit. 
They attributed this phenomenon to the lessening of plasma skimming and/or a 
more uniform distribution of RBCs which occur with a reduced hematocrit. 
Convective oxygen flow (Q02) following hemodilution relative to Q02 for 
normal hematocrit  gradually increased across four consecutive branching orders of 
arterioles from 0.96 in 1 0  arterioles to 1 .24 in 4° arterioles (Fig. 3D).  This 
finding is consistent with the observed reduction in the d iffusional loss of 
oxygen from each branching order. The large increase in mean RBC velocity, 
approximately 50% (Fig. 3A), may be the most important factor responsible for 
the decrease in ilS02/L and the decreased diffusional transfer of oxygen from 
arterioles to capillaries and venules following hemodilution. 
For a given systemic hematocrit and arterial S02, the amount of oxygen 
delivered to an organ is determined by the blood flow to that organ. During 
hemodilution, i f  the decreased hematocrit is not sufficiently compensated by an 
increased blood flow, the oxygen delivery to that organ should be reduced. It 
has been suggested that l imited isovolemic hemodilution may actually enhance 
oxygen exchange within the tissue due to improvement of blood flow (Messmer et 
a I . ,  1 972 ,  1 973 ,  1 974 and 1 986). In  the present investigation, we found that the 
increased oxygen transport to the capillary network can not be explained s imply 
by the enhancement of blood flow. Following systemic hemodilution, the 
microcirculatory hematocrit was reduced by 35% (from 43% to 28%) in the input 
arterioles, whereas the calculated blood flow was increased by approximately 30%. 
Additionally, arterial P02 increased by 1 0% following hemodilution, so that the 
34 
rate of convective oxygen transport was maintained relatively constant in the 1 0  
input arterioles (Fig. 3D). The improvement of oxygen delivery i n  the more 
d istal arteriolar branching orders could be attributable to an increase in the 
ratio of microcirculatory to systemic hematocrit and a decrease in precapillary 
oxygen loss and diffusional transfer to other microvessels. 
To extend this hemodilution study, we attempted to reduce systemic 
hematocrit to 20%, which is the lower limit of systemic hematocrit appl ied in the 
cl inical study of Messmer et al. ( 1 972) .  However, due to the low signal to noise 
ratio of the photometric signals at low hematocrit, we were unable to obtain 
reliable recordings of microhemodynamic variables and hemoglobin oxygen 
saturation. Therefore, data on oxygen transport in microvessels following severe 
hemodilution are not available. 
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In summary, it  appears that the improvement of oxygen delivery to the tissue 
fol lowing l imited hemodilution can be attributed to a compensatory increase in 
blood flow,  elevation in microcirculatory to systemic hematocrit ratio, 
improvement of systemic arterial blood oxygenation, and decrease in precapillary 
oxygen loss. These primary mechanisms support the use of isovolemic hemodilution 
as a therapeutic tool in microcirculatory disorders associated with impaired 
tissue perfusion and oxygen delivery. 
SECTION I I  
I NFLUENCE OF H EMOCONCENTRATION ON ARTERIOLAR 
OXYGEN TRANSPORT IN HAMSTER STRIATED MUSCLE 
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METHODS 
Experiments were conducted on 1 7  male golden hamsters weighing between 63 
and 97 g (80 ± 3 (SE) g ,  age = 30 ± 2 (SE) days) .  Except for the 
hemoconcentration procedure, the preparation of the animal and the cheek pouch 
retractor muscle for this study as same as in the hemodilution study described in 
the previous methods section. 
The elevation of systemic hematocrit was carried out by isovolemic exchange 
transfusion .  Fresh heparinized blood, about 5 to 6 ml, was obtained from a male 
donor hamster ( 1 43 ± 5 (SE) g, age = 76 ± 6 (SE) days) .  The whole blood was 
centrifuged at 1 380 g for 1 0  min,  the buffy coat was discarded, and the plasma 
and packed cells (2 . 5  to 3.0 ml) were separated. The packed cells were put into 
a 3 - m l  heparinized syringe and immersed i n  a 370C water bath until used . 
Hemoconcentration was performed by withdrawing blood from the right femoral 
artery and s imultaneously infusing packed cells into the right femoral vein at 
the same rate (approx imately 0.20 ml/min). Twelve to 1 5  min were usually taken 
to accomplish the hemoconcentration procedure. A l l  hemodynamic and oxygen 
transport measurements were made at least 20 min after the hemoconcentration 
procedure was complete. A small amount ( 1 00 J.l1) of arterial blood was taken to 
determine systemic arterial blood gases and pH using a blood gas analyzer 
(Radiometer NS, Copenhagen, Denmark), and systemic arterial hematocrit was 
determined by microcentrifugation before hemoconcentration and at the end of the 
experiment. 
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The measurements of hemodynamic variables and hemoglobin oxygen 
saturation, as well as the calculation of blood flow and oxygen flow, have 
been described in detail in  the previous methods section. 
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RESULTS 
Mean systemic hematocrit, arterial blood pressure, arterial blood gases and 
pH values under control conditions are summarized in Table 3. At the 
microcirculatory level ,  average microvessel hematocrit in  four branching 
orders of arterioles was 40.2 ± 0.4%, which is sign ificantly lower than the 
corresponding systemic value (50.3 ± 0.5%). There were no statistical differences 
in microvessel hematocrit among the four branching orders (Fig. 6A).  
Furthermore, no systematic changes in microvessel hematocrit were observed 
among the vessels measured in each animal. Mean vessel diameter gradually fell 
from 64.4 ± 2.0 J.lm in I ° arterioles to 23 .9 ± 0.9 J.lm in 4° arterioles (Fig. 6B), 
and mean RBC velocity significantly decreased from 1 8 . 5  ± 0.7  mm/sec in 1 0  
arterioles to 4.9 ± 0.6 mm/sec i n  4° arterioles (Fig. 6C). Hemoglobin oxygen 
saturation progressively declined under control conditions from 82.8 ± 2.2% in 
systemic arterial blood to 69.5 ± 1 . 5% i n  I ° arterioles and then gradually fell 
to 55 .6 ± 1 .4% in 4° arterioles (Fig. 6D). The oxygen saturation of systemic 
arterial blood was estimated from its P02 and the oxygen dissociation curve for 
hamster blood (Lutz et aI., 1 975) .  
After hemoconcentration, systemic arterial hematocrit was significantly 
i ncreased from a control value of 50.3 ± 0.5% to 65.0 ± 0.4% (Table 3),  an 
approximately 30% increase. Mean systemic arterial blood pressure consistently 
and significantly increased by about 1 0  mmHg following this degree of 
hemoconcentration and within 20 min stabilized at this level for the remainder of 
the experiment. Arterial blood gases and pH did not change following elevation 
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Tallie 3. Mean systemic value of hematocrit, arterial blood pressure and blood gases for 
control and hemoconcentrated conditions. 
H. Pa Pa02 PaC02 pHa 
(%) (mmHg) (mmHg) (mmHg) 
Control ( 1 7 ) 50.3 ± 0.5 1 06.8 ± 4.2 53.4 ± 2.4 52.8 ± 1 .4 7 .32 ± 0.02 
Hemoconcentration ( 1 7 ) 65.0 ± 0.4* 1 1 6.6 ± 5 .8* 54.2 ± 1 . 7 53 .2  ± 1 .3 7 .30 ± 0.02 
H. = systemic hematocrit; P a = mean arterial blood pressure; P a02 = systemic arterial 
oxygen partial pressure; P aC02 = systemic arterial CO2 partial pressure. pHa = systemic 
arterial pH. Values are mean ± SE. Number of observations is in parentheses . 
Comparisons between control and hemoconcentrated conditions were made using 
Student's paired t-test. 
* Sign ificantly different  from control ,  p < 0.05. 
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Figure 6 .  Effects of hemoconcentration on systemic (S) and microcirculatory ( 1 0  
to 40 arterioles) hematocrit (Hct) i n  panel A ,  vessel diameter (d) i n  panel B,  
mean blood velocity (v) i n  panel C and downstream hemoglobin oxygen saturation 
(S02) in panel D.  Filled symbols and open symbols represent control and 
hemoconcentrated states, respectively. Vertical bars denote mean ± SE. 
* Significantly different from control (p < 0.05). The number of observations is 
given in parentheses. 
4 1  
of systemic hematocrit (Table 3) .  
Hemoconcentration increased average microvessel hematocrit in  the four 
arteriolar branching orders to approximately 50.0 ± 0.7% (Fig. 6A). Vessel 
d iameter increased sign ificantly in I ° and 2° arterioles (Fig. 6B), but was 
unchanged in 3° and 4° arterioles (p > 0.2) .  In addition, mean RBC velocity 
decreased significantly (p < 0.0 I )  in  all arteriolar branching orders (Fig. 6C). 
Hemoglobin oxygen saturation was not statistically different from corresponding 
control values in either systemic arterial or arteriolar blood following the 
i ncrease in systemic hematocrit (Fig. 6D). 
Prior to hemoconcentration, the longitudinal gradient in  S02 (AS02/L) 
i ncreased with increasing branching order from an average of 1 .4 ± 0.5 %/mm in 
I ° arterioles to 1 2 .4 ± 1 .7 %/mm in 4° arterioles (Fig. 7) .  After increasing the 
systemic hematocrit,  AS02/L was significantly higher for each branching order 
than the value observed under control conditions (Fig. 7). The increase in 
AS02/L from I ° to 4° arterioles was statistically sign ificant (p < 0.05) for both 
normal and elevated systemic hematocrit. 
Figure 8 illustrates the comparison between control and experimental values 
of mean RBC velocity (v), vessel diameter (d), mean blood flow (Qb) and 
convective oxygen flow (Q02)'  Following hemoconcentration, mean RBC velocity 
decreased approximately 40% below control values in the four branching orders 
(Fig. 8A)  and the decreases were not statistically different among the four 
branching orders (p > 0.2). Despite the vasodilation that occurred during 
hemoconcentration in the I ° and 2° arterioles (mean diameter increased by 7% in 
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Figure 7 .  Effect of hemoconcentration o n  longitudinal oxygen saturation grad ient 
(.::lS02/L). Data obtained under control and hemoconcentrated condi tions are shown 
as filled and open ci rcles, respectively. Vertical bars denote one SE. 
• Significantly different from control value (p < 0.05).  
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Figure 8 .  Effects of hemoconcentration on mean blood velocity (v), vessel 
diameter (d), blood flow (Qb) and oxygen flow (Q02) in  the arteriolar network 
( I 0  to 40 arterioles) of the retractor muscle. The result for each variable 
following hemoconcentration is expressed relative to its control value in the 
same m icrovessel .  The dashed line represents the control condition in each 
graph. Vertical bars denote mean ± SE. 
• Significantly different from control (p < 0.05) .  
T Significantly different from 10 arterioles (p < 0.05) .  
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both orders; Fig. 88), the calculated blood flow in the arteriolar network 
decreased approximately 30% below control values (Fig. 8e). The decreases in 
blood flow after hemoconcentration were not sign ificantly different (p > 0.2) 
among branching orders. However, there was a tendency for oxygen flow, 
relative to control values, to decrease across the four branching orders (Fig. 
8D). Although oxygen flow was not statistically different from control in 1 °  
and 2° arterioles after hemoconcentration, the gradual decrease i n  mean oxygen 
flow with i ncreasing branching orders was 20% and 28% below control in  3° and 
4° arterioles (p < 0.05),  respectively. 
As shown in Figure 9, arteriolar hematocrit was approximately 80% of 
the systemic value under control conditions, and there was no significant 
difference among the four branching orders. Following hemoconcentration, the 
arteriolar to systemic hematocrit ratio decreased in all arteriolar branching 
orders. However, only the ratio for 4° arterioles was significantly lower 
than i ts control ratio (Fig. 9) and significantly different from the ratios in 
other arteriolar orders (p < 0.05) .  
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Figure 9 .  Effect of hemoconcentration on the ratio of microcirculatory 
hematocrit  (Hm) to systemic hematocrit (H.) in  four successive branching orders 
of arterioles. Filled c ircles and open c ircles represent control and 
hemoconcentrated conditions, respectively. Vertical bars denote one SE. 
* Significantly higher than the control value (p < 0.05).  
f' Significantly lower than the other orders of arterioles (p < 0.05). 
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DISCUSSION 
In the present  study, increasing systemic hematocrit from 50% to 65% 
resulted in an average increase in systemic arterial blood pressure of 1 0  mmHg 
and no significant change in  systemic arterial blood gases (Table 3) .  Numerous 
investigators have noted the impact of isovolemic hemoconcentration on systemic 
blood pressure. Most investigators have reported no change in mean arterial 
blood pressure when systemic hematocrit was varied between 20% and 75% in dogs 
(Richardson and Guyton, 1 959; Jan and Chien, 1 977; McGrath and Well, 1 978; Fan et 
a I . ,  1 980). However, Baer et al .  ( 1 987) found that mean aortic pressure in  dogs 
was significantly elevated by about 1 3  mmHg at higher hematocrit (64% to 8 1 %). 
Lipowsky and Firrell ( 1 986) found a similar result in cats with mean arterial 
blood pressure increasing by 19 mmHg as systemic hematocrit was elevated from 34% 
to 63%. It has been shown that elevation of hematocrit above 50% causes an 
increasingly steep rise in viscosity and resistance to blood flow in both dogs 
and in vitro experiments (Levy and Share, 1 953; Murray et aI . ,  1 963; Chien, 
1 972) .  The increase in  arterial blood pressure observed in  this study can likely 
be attributed to an increase in blood viscosity, since vasodilation (Fig. 6) was 
observed in retractor muscle arterioles following hemoconcentration. Relatively 
unchanged blood gases following elevation of systemic hematocrit is in agreement 
with previous findings in other species (Ackermann and Veress, 1 980; Rosenkrantz 
et aI., 1 984) .  
The resistance to blood flow is  determined by the viscosity of blood and the 
geometry of m icrovessels. Experimental manipulations of hematocrit and blood 
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viscosity may produce alterations in vascular caliber (e.g., vasoconstriction or 
vasodilation) due to neurohumoral and/or local regulatory factors. While 
alterations in blood viscosity should exert a fairly uniform effect on blood flow 
in various organs, local vasomotor activity may vary considerably in different 
regions.  Fan et a\. ( 1 980) reported that vasoconstriction occurred in kidney, 
spleen ,  l iver, and intestine following hemoconcentration, while vasodilation 
occurred in the heart and brain.  They also demonstrated redistribution of blood 
flow through different organs following alteration of systemic hematocrit. Blood 
flow to the heart, brain and some visceral organs was significantly decreased 
after hemoconcentration (Ackermann and Veress, 1 980; Fan et a\ . ,  1 980). The 
decrease in retractor muscle blood flow (Fig. 8C) observed in our study is in  
agreement with a previous report for other striated muscles (Ackermann and 
Veress, 1 980). Since the vasculature of skeletal muscle plays an important role 
in the adjustment of peripheral resistance (Mellander, 1 960), vasodilation in the 
muscle in this preparation (Fig. 8B) appears to counteract the effect of 
increased blood viscosity on the i ncrease in total peripheral resistance. Since 
systemic arterial blood pressure increased (Table 3)  and there was some 
arteriolar dilatation ( Fig. 8B) following hemoconcentration, the decrease in 
blood flow was most likely due to increased blood viscosity. According to in 
vitro results for hamster blood (personal communication with Giles R.  Cokelet, 
University of Rochester), increasing hematocrit from 50% to 65% should result In 
an increase in blood viscosity of approximately 45.6% (shear rate = 75 .5  sec-1) .  
In our i n  vivo study, increas ing systemic hematocrit from 50% to 65% resulted in 
an increased blood pressure of about 9.2% (Table 3 )  and a decrease in blood flow 
of about 30% (Fig. 8C). If we assume that the decrease in blood flow is due to 
i ncreased blood viscosity, and if we take into account the increase in blood 
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pressure following hemoconcentration, we would expect to observe muscle blood 
flow to decrease by about 36%, a value in close agreement with our observed 
decrease in flow. 
Weisse et al. ( 1 964) and Surjadhana et al. ( 1 978)  pointed out that 
polycythemia produces a decrease in systemic oxygen transport but does not 
necessarily compromise tissue oxygen uptake. This response to hemoconcentration 
indicates that there are mechanisms to maintain tissue oxygenation by regulating 
oxygen transport to tissue in the microcirculation. It has been suggested by 
Surjadhana et al .  ( 1 978)  that autoregu lation of blood flow plays a role in 
regulating oxygen transport in  polycythemia. They found that coronary flow was 
strongly correlated w ith arterial oxygen content but not with hematocrit during 
alterations of arterial oxygen saturation. Thus, oxygen transport to ventricular 
m uscle remained relatively constant for hematocrits from 34% to 74%. When 
vascular reactivity was abolished by adenosine, however, oxygen transport became 
dependent on hematocrit .  Rosenkrantz et a l .  ( 1 984) found that although cerebral 
blood flow declined, oxygen delivery to the brain u nder conditions of elevated 
hematocrit did not change. 
Convective oxygen flow in the largest input ( 1 0) arterioles of the retractor 
m uscle was not significantly affected by hemoconcentration (Fig. 8D), a result 
s imilar to that found with hemodilution (Kuo and Pittman, in press) .  Reduction 
of systemic hematocrit to 32% in the previous study produced vasoconstriction, 
whereas, e levation of systemic hematocrit to 65% in this study produced 
vasodi lation (Fig. 8B). The changes in vascular tone associated with altered 
hematocrit and a relatively constant oxygen flow to input arterioles in  both 
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studies support the idea that vasomotor adjustments might play a role in the 
regulation of oxygen transport to tissue during variations of systemic 
hematocrit. The vasoconstriction or vasodilation tends to act in  a direction 
that would stabil ize retractor muscle blood flow by partially offsetting the 
change in viscosity during hemodilution or hemoconcentration, respectively. 
It is well documented that the distribution of RBCs and plasma is not 
u niform within the cardiovascular system. Lipowsky et al. ( 1 980) demonstrated 
that the ratio of micro vessel hematocrit to systemic hematocrit in  cat mesentery 
fel l  from 0.80 in 70 1-'m arterioles to a minimum of 0.2 1 in  10 1-'m venules. 
Our measurements in arterioles of the retractor muscle under normal hematocrit 
conditions showed that microcirculatory hematocrit was also about 80% of its 
systemic value in the arterioles (Fig. 9). However, we did not observe a gradual 
decline of microvessel hematocrit with vessel diameter (Fig. 6A), a result  that 
is consistent with our previous findings for reduced hematocrit (Kuo and Pittman, 
in press) .  The different  d istributions of hematocrit within cat mesentery and 
hamster retractor muscle microvascular networks may be due to differences in 
branching patterns, microvessel dimensions and RBC flow properties. Under 
hemodiluted conditions, the ratio of microcirculatory to systemic hematocrit is 
higher than u nder normal hematocrit (Kuo and Pittman, in  press) .  In  the present 
study, with hemoconcentration, the ratio of microcirculatory to systemic 
hematocrit decreased in all arteriolar branching orders, although only the ratio 
for 4° arterioles was significantly lower than the control value (Fig. 9). It 
appears that the microcirculation tends to "gain" RBCs during low hematocrit 
conditions and "lose" RBCs in high hematocrit states. The mechanism for this 
redistribution of RBCs during alterations of systemic hematocrit is not clear, 
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but could be related to changes in blood rheology, RBC velocity profile, 
m icrovessel d iameter, or a hematocrit-dependent redistribution of RBCs and 
plasma at successive bifurcations in the network. 
Since arteriolar vessels may serve as a major d iffusive source of oxygen 
(Duling and Berne, 1 970; Swain and Pittman, 1 984), the increase in the 
longitudinal oxygen saturation gradient (t-S02/L) among the four arteriolar 
branching orders after hemoconcentration (Fig. 7)  suggests that the oxygen 
delivery to the capillary network should fall secondary to the increase in the 
precapillary loss of oxygen. Kuo and Pittman (in press) recently employed the 
theoretical model proposed by Popel and Gross ( 1 979) to analyze oxygen exchange 
in arteriolar networks under hemodiluted conditions. A similar analysis can be 
done to evaluate the impact of hemoconcentration and here we will discuss the 
hemoconcentration data in terms of their model .  A convenient l inear 
approximation of Popel and Gross's model relates t-S02/L to the P02 gradient 
between blood and tissue (P-Poo), mean blood velocity (v),  microvessel diameter 
(d) and microvessel hematocrit (expressed as [HbJ): 
[4] 
where k, K rogh's d iffusion coefficient (product of oxygen diffusion coefficient 
and muscle oxygen solubility), indicates the diffusivity of oxygen in the muscle; 
hi is a d imensionless factor that depends on vessel d iameter, wall thickness, and 
a characteristic penetration length for oxygen ( It ) in  the muscle; P is the 
average of upstream and downstream arteriolar oxygen tension estimated from 
measured oxygen saturation and the oxyhemoglobin dissociation curve of hamster 
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blood (Lutz et a i . ,  1 975 ); and Poe is the average minimum tissue oxygen tension. 
Because we did not experimentally determine It and P 00 in  this study, these two 
variables were estimated by fitting Our data to Equation 4 using a least squares 
l i near regression and determining the values of It and P 00 that gave the best fit. 
Poe was varied from 0 to 30 mmHg in 5 mmHg increments and the characteristic 
oxygen penetration length, I t , was varied from 5 to 50 J.l.m in 5 J.l.m increments. 
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The best fit of the data to Equation 4 was obtained when P 00 was equal to 1 0  
mmHg and It was equal t o  25 J.l.m. A s  shown in Figure 1 0, the slopes for the plots 
u nder control and hemoconcentrated conditions were 2.3 x 1 0 -8 (r = 0.99, n = 4) 
and 2 . 1  x 1 0-8 ml O2 / cm sec mmHg (r = 0.98, n = 4) ,  respectively. These two 
l inear regression l ines were not statistically different. Theoretically, when the 
data are plotted according to the variables in Figure 1 0, all data points should 
lie on a straight line through the origin with a slope of 8k. Our data appear to 
confirm the l inearity of the relationship between .6.S02/L and h (P-Poe) / [Hb] 
v d2 Cb as predicted by the model (Fig. 1 0),  although the slope of the regression 
lines are larger than predicted by about a factor of seven (8k = 3 . 1 6  x 1 0-9 ml 
02 /cm sec mmHg (Kuo and Pittman, in press)) .  The explanation for this 
d iscrepancy has been d iscussed recently by K uo and Pittman (in press). The 
estimated value of tissue P02, 10 mmHg, is consistent with our previous report 
( K uo and Pittman, in press) and also compatible with the value of 1 0  to 1 7  mmHg 
found by Gorczynski and Duling ( 1 978)  in resting hamster cremaster muscle. The 
near equality of the two slopes u nder normal and elevated systemic hematocrit is 
consistent with the relative constancy of tissue P02 under the two conditions. 
Recently, Harris ( 1 986) pointed out that the anatomic arrangement of 
microvessels in  skeletal m uscle could allow the occurrence of oxygen shunting 
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Figure 10. Longitudinal oxygen saturation gradient (t.S02/L) as a function of 
h' (P-Poe) I v [Hb] d2 Cb before (solid line) and after (dashed line) 
hemoconcentration. Poe = 10 mmHg, and It = 25 �m. The slope of the least 
squares l inear regression l ines for control and hemoconcentrated states are 
2 . 3  x 1 0-8 (r = 0.99, n = 4) and 2 . 1  x 1 0-8 (r  = 0.98, n = 4) ml 02 I cm sec 
mmHg, respectively. These two l ines are not statistically different (p > 0.2) .  
Vertical and horizontal bars denote mean ± SE.  
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between arterioles and venules. A significant amount of oxygen d iffusion across 
the walls of arterioles in hamster striated muscle has been reported by several 
investigators ( Duling and Berne, 1 970; Swain and Pittman, 1 984; Kuo and Pittman, 
in press). However, the destination of this oxygen and its importance in terms 
of oxygen transport to the tissue are not clear. An analysis of diffusional 
shunting shows that the rate of oxygen diffusion from arterioles to venules will 
be largely dependent on the velocity of RBCs in the arterioles (Harris, 1 986). 
Hemodilution increases RBC velocity and decreases the amount of oxygen that is 
lost from R BCs in the arterioles ( i .e . ,  decreased 6.S02/L (Kuo and Pittman, in 
press)) .  Thus, each RBC is able to delivery more oxygen to the tissue and 
improve tissue oxygenation. Hemoconcentration should lead to decreased RBC 
velocity in arterioles and one would expect that the amount of oxygen lost from 
RBCs should increase. This would provide less convective oxygen flow to the 
downstream arterioles and capillaries and hence less oxygen delivery to the 
tissue assuming that most of the diffused oxygen is removed by shunting. In the 
present study, we found that hemoconcentration resulted in a 40% decrease in 
mean R BC velocity (Fig. 8A) and a significant increase in 6.S02/L in arteriolar 
networks (Fig. 7) .  In  addition, we observed a progressive decl ine of oxygen 
flow below control values in the smaller arterioles (Fig. 8D). Apparently, this 
decrease in oxygen delivery is due to an increase in the diffusional loss of 
oxygen from each branching order after hemoconcentration. Therefore, according 
to this result, one might expect that tissue oxygenation would be impaired by 
hemoconcentration if the major portion of the oxygen loss is not used for tissue 
respiration. However, this conclusion appears to be inconsistent with the near 
coincidence of the two regression l ines in Figure 1 0, ind icating that tissue P02 
was the same for normal and elevated hematocrit. 
54 
Thus, we were i nterested i n  ascertaining the destination of the oxygen that 
diffuses out of the arterioles. One reasonable site could be the tissue in the 
i mmediate vicinity of the arteriole. Using the K rogh tissue cylinder model ,  we 
computed the maximum radius of a tissue cylinder that could be supplied with 
oxygen by diffusion from each arteriole in  our study, allowing us to estimate 
the m aximum value of t:.S02/L that would be expected if the longitudinal gradient 
were due entirely to periarteriolar tissue oxygen util ization. Any significant 
difference between our experimental results and this calculation would indicate 
an alternate destination for the oxygen lost from the arterioles ( i .e . ,  
diffusional shunting to nearby venules or capil laries). The details of this 
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calculation have been described in the A PPENDIX I. Mean values for the 
maximum radi us of the K rogh tissue cylinder, predicted maximum value of t:.S02/L 
and observed t:.S02/L for each arteriolar branching order are g iven in Table 4. 
The observed t:.S02/L was considerably greater than the theoretically predicted 
maximum value, indicating that a significant amount (approximately 90%) of the 
oxygen that diffuses from the arterioles is not immediately consumed by the 
surrounding tissue. K uo and Pittman ( in press) suggested that a large portion 
of this diffused oxygen might be transferred to nearby venules and capillaries 
(diffusional shunting) due to the topographical arrangement of these 
m icrovessels. After hemoconcentration, the observed precapillary oxygen losses 
( t:.S02/L )  are about 1 . 8 times h igher than the control values (Table 4), while the 
estimated proportion accounted for by diffusional shunting remained approximately 
constant (Table 4). This indicates that the amount of oxygen diffusing across 
the arteriolar wall and the amount of oxygen consumed by the surrounding tissue 
increased by about the same proportion. Therefore, faced with the possibility of 
reduced tissue oxygenation due to decreased convective del ivery of oxygen to 
\0 '" 
Table 4. Comparison between observed long itudinal oxygen saturation gradient and value predicted 
from periarteriolar oxygen consumption. 
Normal Hematocrit Hemoconcentration 
1 °  2° 3° 4° 1 °  2° 3° 4° 
rm 1 40 .8 1 29.4 1 1 5 .2 99.9 1 46 .2  1 32.9 1 1 6 .7 1 0 1 . 7 
± 2.0 ± 2 . 3  ± 2 .7  ± 1 .4 ± 2 .2 ± 2 . 1 ± 2 .7 ± 2 .2  
(l.S02/L)obl 1 . 4 2 .8 6 .3  1 2 .4 3. 1 4 .8  1 0 .4 19.2  
± 0 .5  ± 0 .3  ± 0 .8 ± 1 . 7  ± 0 . 7  ± 0.9 ± 1 .4 ± 2 .8 
(l.S02/L)max 0 . 1 0  0.2 1 0.64 1 .62 0 . 1 8  0 .30 0.88 2 .60 
± 0.0 1 ± 0.02 ± 0 . 1 3  ± 0 .2 1  ± 0.0 1 ± 0 .03 ± 0 . 1 3  ± 0.33 
% Difference 92.7 92.4 89.9 87 .0 94.2 93 .5 9 1 . 5 86.5 
Values are mean ± SE. r m = maximum radius of K rogh tissue cylinder (�m); 
(l.S02/L)obl = observed longitudinal oxygen saturat ion gradient (%/mm); 
(l.S02/L)max = maximum longitudinal oxygen saturation gradient (%/mm) calculated 
from Equation A6; % Difference = [(l.S02/L)ob. - (l.S02/L)maxl / (l.S02/L)ob. 
capillaries following hemoconcentration, it appears that tissues are able to 
maintain their oxygenation by util izing more of the oxygen that diffuses from 
arteriolar networks. Apparently, the significant increases in precapillary 
oxygen loss and the relatively constant proportion of diffusional shunting can 
maintain tissue P02 at a fairly constant level after hemoconcentration .  The 
constancy of tissue P02 after isovolemic hemoconcentration has been reported by 
several investigators. Thorling and Erslev ( 1 968) measured oxygen tension in 
tissue pockets of rats and found that P02 remained constant at elevated 
hematocrit. The lack of cutaneous hypoxia and unaltered transcutaneous P02, 
PC02, and pH in the polycythemic neonate have been demonstrated by Waffarn 
et ai. ( 1 984).  
For a given systemic hematocrit and arterial S02, oxygen delivery to an 
organ is determined by the blood flow to that organ. During hemoconcentration, 
if the decreased blood flow (due to increased blood viscosity) is not 
sufficiently compensated by an increased hematocrit, the oxygen delivery to that 
organ should be reduced if arterial oxygen saturation remains constant. In 
earlier observations, the constancy of oxygen transport and absence of hypoxia in 
several tissues (Thorling and Erslev, 1 968; Waffarn et aI . ,  1 984) or organs (Jan 
and Chien, 1 977 ;  Surjadhana et aI., 1 978; Fan et aI., 1 980; Rosenkrantz et aI . ,  
1 984) under hemoconcentrated conditions have been explained as the result of a 
balance between the increased oxygen carrying capacity of blood and the decreased 
volumetric flow. In the present investigation , the increased microcirculatory 
hematocrit indeed matched the decreased blood flow, so that the rate of 
convective oxygen delivery was maintained in the first order input arterioles 
(Fig. 8D). 
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However, from the analysis of oxygen transport in the arteriolar network, we 
conclude that the mechanism of maintenance of tissue P02 after hemoconcentration 
is more complex than a simple canceling of effects of changes in arterial oxygen 
content and blood flow. The maintenance of constant tissue oxygenation fo\1owing 
hemoconcentration can be attributed to a compensatory decrease in R Be velocity, 
arteriolar dilation, an increase in the precapillary loss of oxygen and the 
unchanged proportion of diffusional transfer of oxygen from arteriolar networks 
to other microvessels. It appears that the loss of oxygen from arteriolar 
networks may play an important role in the regulation of tissue oxygenation 
during alterations of systemic hematocrit, thereby a\1owing the muscle to 
tolerate a wide range of systemic hematocrits. Our results help one understand 
how tissue oxygenation can remain at normal levels under circumstances of 
elevated hematocrit, such as blood doping in athletes and polycythemic residents 
at high altitudes. It must be borne in mind that both the present study of the 
effects on oxygen transport of hemoconcentration and our previous study of 
hemodilution were carried out on resting muscles. Under this low demand, low 
perfusion condition, diffusional shunting appears to be a major process for 
oxygen transfer from arteriolar blood and it could represent a reserve in oxygen 
delivery that can be called upon in time of increased demand. From the tissue's 
perspective, the source of oxygen, whether arteriolar or capi\1ary, appears to be 
irrelevant, so long as there is an adequate supply. In situations of increased 
oxygen demand such as exercise, the resulting higher blood flow should lead to 
both less shunting and less precapi\1ary oxygen loss, thereby delivering more 
oxygen to the most efficient exchange vessels in the circulation - the 
capi\1aries . A thorough delineation of their role awaits the extension of the 
above measurements to capi\1ary networks. 
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SUMMARY AND CONCLUSIONS 
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The results of these two studies demonstrated that retractor muscles respond 
differently to hemodilution and hemoconcentration. In general, the changes in 
hemodynamics (e.g., blood pressure, red blood cell velocity, blood flow, and 
microcirculatory to systemic hematocrit ratio) and geometry (vessel caliber) were 
in opposite directions for these two experimental interventions. It appears that 
tissue oxygenation was affected by the rheological properties of blood flowing In 
the arteriolar network. Gradual increases in convective oxygen flow to the 
capillaries following isovolemic hemodilution was due to progressive decreases in 
diffusive oxygen losses from the arterioles. Following hemoconcentration, 
convective oxygen flow gradually decreased in the arteriolar network. This was 
due to an increase in the precapillary loss of oxygen, secondary to the decline 
in red blood cell velocity. 
The rate at which oxygen entered the retractor muscle remained relatively 
constant in both the hemodiluted and hemoconcentrated conditions. This indicated 
that oxygen transport in the microcirculation was well regulated and independent 
of systemic hematocrit  (within the range of 32% to 65% hematocrit in this study). 
We did not find evidence for a well-defined value of optimal hematocrit in the 
microcirculation , a conclusion which is consistent with those of previous 
investigators whose measurements were made at the whole organ level (Jan and 
Chien, 1 977;  Fan et aI., 1 980). At the whole animal level, most investigators 
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have observed an optimal hematocrit for maximum oxygen transport in the systemic 
circulation (Richardson and Guyton, 1 959; Murray et aI . , 1 962 and 1 963; Smith and 
Crowell, 1 963; Sunder- Plassmann et aI., 1 97 1 ;  Messmer et aI . ,  1 972) .  Murray et 
aI .  ( 1 962) stated that "systemic oxygen transport is a measure of the actual 
amount of oxygen supplied to the tissue and represents the maximum amount of 
oxygen available for util ization." "Systemic oxygen transport" is here taken to 
mean cardiac output times arterial oxygen content. However, this simple product 
fails to take into account the heterogeneity and complexity inherent in the 
microcirculation. Our results indicate that over a wide range of systemic 
hematocrit (33% to 65%), the oxygen delivery in the largest arterioles, as well 
as estimated tissue P02, are maintained at relatively constant values. This 
apparent regulation of oxygen transport is accomplished by compensatory changes 
in blood viscosity, microvessel caliber, red blood cell velocity, precapillary 
oxygen diffusion and diffusional shunting between neighboring arterioles and 
venules. A lthough hemoconcentration might not be beneficial for tissue 
oxygenation during the resting state , we support the idea that isovolemic 
hemodilution is beneficial when used in medical practice as a therapeutic tool in 
microcirculatory disorders associated with hypoperfused and ischemic tissues. 
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APPENDIX I 
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Appendix I: Oxygen Transport Analysis for Krogh Tissue Cylinder 
Calculation of Maximum Size of Krogh Tissue Cylinder 
The transport of oxygen from blood to tissue can be described by 
Krogh's Equation (Middleman, 1 972): 
r� In(r� / r;)] 
where Pt02 and P a02 are tissue and arteriolar oxygen partial pressure, 
respectively. V02, 0:02 and D02 represent the rate of oxygen consumption 
( l . 57 x 1 0-4 ml  O2 sec-1 ml tissue-1  (Sullivan and Pittman, 1 984)), oxygen 
solubility (2.84 x 1 0-5 ml 02 mmHg-l cm-3) and oxygen diffusion coefficient 
( l .39 x 1 0 -5 cm sec - l )  of the retractor muscle (Ellsworth and Pittman, 
1 984), respectively. rt and ra are the radii of the Krogh tissue cylinder 
and the arteriolar segment, respectively (see Fig. I I ) . 
According to Equation A I ,  the maximum radius of the tissue cylinder 
(r  m) corresponds to Pt02 = O. r m is related to the other variables by the 
following equation: 
Knowing rm for each branching order allows us to estimate the maximum 
longitudinal gradient in S02 due to tissue oxygen consumption. 
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[A I ]  
[A2] 
---7 so� 
- - - - - - - - - - - - - - - - - - - - - -
( ) 
L 
�igure I I . Arteriolar segment and the surrounding Krogh tissue cylinder. D02, 
V02 and 0:02 are oxygen diffusion coefficient, oxygen consumption and oxygen 
solubility of the tissue, respectively. rt and ra are the radii of the Krogh 
tissue cylinder and the arteriolar segment, respectively. S02i and S02° are the 
hemoglobin oxygen saturation of inflow and outflow blood, respectively. L is 
length of tissue cylinder and arteriolar segment. 
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Calculation of Maximum �S02� 
The rate at which oxygen enters a vessel segment (Q02i) should equal the 
rate at which it leaves the segment (Q020) plus the rate at which it is consumed 
by the tissue cyl inder. The mathematical expressions for each of these terms are: 
QO� [A3] 
QO� 11" � v [Hb] SO� Cb [A4] 
where the various symbols have been defined previously. The rate at which oxygen 
is consumed by the tissue in the cylinder (M02) is the product of the tissue 
oxygen consumption (V02) and the volume of the tissue . This can be written as: 
[AS] 
where L is the length of the tissue cylinder. Performing the oxygen mass balance 
for this situation yields the following expression for the longitudinal gradient 
[A6] 
7 1  
Equation A 6  allows us to calculate the predicted maximum value of .6.S02/L in each 
branching order when r m from Equation A2 is substituted for rt. The average value 
of r and the predicted maximum �S02/L for each branching order are shown in m 
Table 4 .  
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Appendix I I :  Raw Data for Oxygen Transport Study 
Date Cond .6.S0z/L POZd Vel Dia Hct SOzu SOzd L 
%/mm mmHg mm/sec !.lm % % mm 
1 02 1 85 CD 1 .23 46.6 1 6 . 2 1  49.4 0 .375 66. 1 63 .7 1 .950 
1 02385 CD 1 . 1 8  38 .5 20. 1 1  57 .6 0 .363 76.2 75 .9 0.254 
1 02885 CD 2.08 40.8 1 7 .82 53.7 0.447 68.4 66.8 0.770 
1 1 0685 CD 2 . 1 4  36.4 22.65 49.8 0.42 1 59.5 58.2 0.607 
1 1 0885 CD 0.33 35.6 22.05 58.4 0.495 65.0 64.4 1 . 800 
1 1 1 1 8 5  CD 3.68 44.7 1 4 .07 3 1 .8 0 .37 1 67. 1 62.7 1 . 1 90 
1 1 1 685  CD 0.98 33 .7 1 9 . 1 4  62.3 0.446 69.4 66.5 2.960 
1 1 1 885 CD 0.82 35 .9 1 9.44 67.8 0.532 73 .2 7 1 .5 2.070 
1 1 2585 CD 1 .42 34.7 1 6.97 62. 1 0.389 68 . 1  64 . 1  2.820 
1 2 1 385  CD 0.48 36.7 1 8 .02 72.3 0 .400 6 1 .8 6 1 . 1  1 .460 
1 2 1 385  CD 0.58 34.3 1 8 .02 72.3 0.400 62. 1 6 1 . 1  1 . 700 
1 22385 CD 0. 1 5  33.9 1 0 .05 90.6 0.4 1 9  65.4 65.0 2.600 
1 22385 CD 0.39 33.9 1 0 . 1 4  90.6 0.4 1 9  65 .7 65.0 1 .800 
1 22985 CD 1 .02 38 .5  29.47 57 .5  0 .37 1 83.2 80. 1  3 .040 
1 23 1 85 CD 1 .02 45 .3 1 5 .68 65 .5 0 .408 76.2 74.5 1 .660 
0 1 0486 CD 1 . 1 2  33.4 1 8 .20 52.2 0 .420 73 . 1 70. 1 2 .680 
1 02 1 85 HD 1 .03 45 .5 25.20 45.9 0.252 84.6 82.6 1 .950 
1 02385 HD 0.03 36 .6 3 1 .50 60.6 0 .355 73 .0 73.0 0.254 
1 02885 HD 0 .99 38 .6 24.90 49.6 0.256 70.4 69.6 0.770 
1 1 0685 HD 0.25 43.6 26.60 59.6 0.262 73 .8 73 .6 0.607 
1 1 0885 HD 0.24 35 .7  30.60 55 .3 0 .260 70.0 69.6 1 .880 
1 1 1 1 86 HD 2.92 53 .9 20.40 28.2 0.220 69.5 66.0 1 . 1 90 
1 1 1 685  HD 1 .00 36.9 28.50 46.3 0.220 85.4 82.5 2 .960 
1 1 1 885 HD 0 .52 37.2 27 .70 56.9 0.295 78.4 77 .4 2.070 
1 1 2585 HD 1 .2 1  6 1 .7 2 1 .50 58.5 0 .3 1 6  86.6 83 .2 2.820 
1 2 1 385 HD 0.08 38.8 39.50 67.2 0 .342 74.7 74.6 1 .460 
1 2 1 385  HD 0.53 45.6 34.40 53 .4 0.270 75 .5  74.6 1 . 700 
1 22385 HD 0.04 40.5 26.50 60.2 0.34 1 74.6 74.5 2.600 
1 22385 HD 0.40 39.9 27 .50 60. 1 0 .3 1 0  75 .0 74.3 1 .800 
1 22985 HD 0. 1 4  36.2 38 .40 58.4 0.275 86.4 86.0 3 .040 
1 2 3 1 85 HD 1 .2 1  49.6 23.60 56.0 0.290 83 .6 8 1 .6 1 .660 
0 1 0486 HD 0 .38 42.0 28.30 54.5 0.278 76.3 75 .3 2.680 
Raw data for oxygen transport study in first order arterioles of hamster 
retractor muscle: control (CD), hemodilution (HD), longitudinal gradient in 
oxygen saturation (.6.S02/L), downstream oxygen partial pressure (POzd), mean 
red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u)  and downstream (d) oxygen saturation (SOz), 
and length of microvessel segment (L) .  
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Date Cond .6.S02/L P02d Vel Dia Hct S02u S02d L 
%/mm mmHg mm/sec J.lm % % mm 
1 02385 CD 2.32 34.2 1 0.28 47.0 0.420 63 .3 58 .7  0.850 
1 02885 CD 5 .85 32.6 1 8 .36 27.5 0.3 1 0  7 1 .8 64.5 1 .240 
1 1 0485 CD 4 .42 33.2 4.650 33.3 0.350 67. 1 63.9 0 .740 
1 1 0485 CD 2. 1 4  35 .7 1 1 .35 47 . 1  0 .380 63.4 62.4 0.454 
1 1 0685 CD 3 . 1 2  33.6 7 .640 56. 1 0.420 65 .3 62.4 0.930 
1 1 1 1 8 5  CD 3 .64 33 .9 1 1 .62 55 .3  0 .390 56.2 52.5 1 .020 
1 1 1 585 CD 2. 1 4  35 .9 6. 1 50 38.8 0.420 66.9 65.5 0.640 
1 1 1 685 CD 1 . 1 8  36.4 1 3 .33 54.2 0.420 58. 1 57 .5 0 .520 
1 1 2385 CD 0.93 37.8 1 4 .23 65.9 0 .520 66.6 66.3 0.324 
1 1 2485 CD 0.93 36.4 1 4.23 6 1 .2 0.450 55 .2 54.5 0. 740 
1 20585 CD 3.93 33 .9 6.940 54.2 0.430 6 1 . 8 59.6 0.560 
1 20585 CD 1 .2 1  34.9 1 l .3 1  55.2 0.430 72.8 72. 1 0. 540 
1 20885 CD 2.65 34.8 3.360 34.4 0.4 1 0  72. 1  70.8 0.480 
1 2 1 385  CD 2.43 34.6 1 0.26 48.6 0.4 1 0  62.4 60.4 0.845 
1 02385 HD 0 .52  43.6 1 5 .38 59.3 0.360 68.9 68.5 0 .850 
1 02885 HD 2.54 33.0 7 . 1 90 33 .3 0.2 1 0  7 1 . 5 68.4 1 .240 
1 1 0485 HD 1 . 58 37 .5 1 5 .35 42.0 0 .265 75.9 74.7 0 .740 
1 1 0485 HD 0.85 45.0 1 6.36 50.8 0.29 1 70.6 70.2 0.454 
1 1 0685 HD 2.02 40.0 1 0.60 32.2 0 .220 70.4 68.5 0.930 
1 1 1 1 85 HD 1 .89 38.5 10 .46 4 1 . 5 0.245 74.8 72.9 1 .020 
1 1 1 585  HD 1 .98 36.5 1 l .7 1  68.5 0.240 7 1 .4 70. 1 0.640 
1 1 1 685  HD 1 .59 37 .5  1 3 .79 56.9 0.245 70.0 69.2 0.520 
1 1 2385 HD 1 .03 38 .7 1 5. 1 6  55 .7 0.275 78.9 78.5 0 .324 
1 1 2485 HD 0.08 46.7 28.44 62.4 0. 360 78.6 78.5 0.740 
1 20585 HD 3 .04 32.8 8.630 23.9 0 . 1 60 89.9 88.2 0.560 
1 20585 HD 2.0 1 36.4 1 7 .07 57.6 0.235 83 .4 82.3 0 .540 
1 20885 HD 1 .59 38 .9 1 4 . 1 8  48.7 0.267 76.6 75 .8 0 .480 
1 2 1 385 HD 1 .48 38.4 1 4.42 49.6 0 .268 69.7 68.4 0.845 
Raw data for oxygen transport study in second order arterioles of hamster 
retractor muscle: control (CD), hemodilution (HD), longitudinal gradient in 
oxygen saturation (.6.S02/L), downstream oxygen partial pressure (P02d), mean 
red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u) and downstream (d) oxygen saturation (S02), 
and length of microvessel segment (L). 
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Date Cond �S02/L P02d Vel Dia Hct S02u S02d L 
%/mm mmHg mm/sec jjm % % mm 
1 02 1 85 CD 1 0.6 42.3 0.750 27.8 0.386 57 .6 50.4 0.680 1 1 1 1 85 CD 1 1 .5 32 . 1  4 . 1 50 25 .5 0 .386 58.7 52.5 0.540 
1 1 1 585  CD 4.5 1 33 .7 5 . 380 42. 1 0.443 6 1 . 7 60.0 0.380 
1 1 1 685 CD 6.27 32.6 7 . 1 00 40.8 0.420 54.0 5 1 .5 0.400 
1 1 1 885  CD 4.96 30. 1 1 4.64 37 .5  0.386 59.7 56.8 0.580 
1 1 2385 CD 3.94 33 .4 1 4 .64 37 .5 0.478 59.3 56.8 0.625 
1 1 2485 CD 6.2 1 33.4 4. 1 50 40.4 0.4 1 1 75 .2 72 .2 0.490 
1 20585 CD 7.20 32. 1 1 . 1 40 3 1 .0 0 .4 1 1  52.8 49.2 0 .500 
1 20885 CD 2.60 3 5 . 1  8 .240 44.6 0 .547 59.6 58.5 0.428 
1 2 1 385  CD 6 .02 32.5 6.400 37 .2 0.436 60.8 58 .5  0 .390 
1 22985 CD 6. 1 5  33 .3  6.600 36.6 0.430 65. 1 62. 1 0.490 
1 23 1 85  CD 5.83 3 1 .8 6.600 36.9 0.432 72.4 68. 1  0 .733 
0 1 0486 CD 6. 1 1  30.9 6 .500 37.4 0.426 68.4 65 .5 0.480 
1 02 1 85  HD 8 .2 1  43.9 3.030 24.7 0.225 66.0 60.4 0.680 
1 1 1 1 85 HD 9.04 47 .3 4.420 23 .5  0.284 65. 1 60.2 0 .540 
1 1 1 585 HD 3 . 7 1  34 . 1  1 0.50 39.2 0.23 1 59. 1 57 .7 0 .380 
1 1 1 685 HD 4.76 34.2 9 . 1 90 30.2 0 .340 74.6 72.7 0.400 
1 1 1 885 HD 3.2 1 4 1 .9 1 4 .34 43.9 0.355 74.0 72. 1 0.580 
1 1 2385 HD 0.52 32.7 1 8 .42 47 .7 0 .4 1 5  79.9 79.6 0.625 
1 02485 HD 3 .24 29. 5  1 2 .06 4 1 .7 0 .350 75 . 1 73 .5  0.490 
1 20585 HD 4.45 37 . 1 1 1 .07 40.5 0.300 63.9 6 1 . 7 0 .500 
1 20885 HD 4 .5 1  37 .5  8.200 37 .3 0 .260 73 .3 7 1 .4 0.428 
1 2 1 385  HD 6 . 1 2  37 .3 7 .380 30. 1 0.255 74.5 72 . 1  0 .390 
1 22985 HD 4.8 1 37.9 8 .400 36.0 0.285 80.8 78 .5 0.490 
1 23 1 85 HD 4 .66 36.8 9 .500 34.9 0.302 78.6 75.2 0 .733 
0 1 0486 HD 4.75 37 .7 1 0. 1 0  35 .8 0.298 75 .4 73 . 1 0.480 
Raw data for oxygen transport study in third order arterioles of hamster 
retractor muscle: control (CD), hemodilution (HD), longitudinal gradient in 
oxygen saturation (�S02/L),  downstream oxygen partial pressure (P02d), mean 
red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u) and downstream (d) oxygen saturation (S02)' 
and length of microvessel segment (L).  
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Date Cond LlS02/L P02d Vel Dia Hct S02u S02d L %/mm mmHg mm/sec /Jm % % mm 
1 02385 CD 2 1 04 34.7 4.050 24.3 0 .361  59.9 50.8 00425 
1 1 0485 CD 1 6.8 32.8 5 .030 20.6 0.34 1 42.0 36.5 0.325 
1 1 1 1 85 CD 1 4.3 33 .5  2.630 20.6 004 1 5  49.5 45.2 0 .300 
1 1 1 1 85 CD 1 2.8 34.5 3 . 3 1 0  26. 1 0043 1 57 .0 50. 1 0 .542 
1 1 1 685 CD 9.50 25 .8 6.600 1 9.2 0.5 1 7  6604 63.6 0 .290 
1 1 1 685 CD 1 3 . 1  32 .5 3 .200 27.3 00428 53.6 5004 0.245 
1 1 1 885  CD 1 0.5 28 .6 4.830 27.8 0048 1 57 . 1 52 .5 00435 
1 1 2385 CD 1 7 04 40. 1 4 . 1 90 20.6 0 .349 6204 55 04 0 0400 
1 1 2485 CD 1 0.6 29.3 1 . 1 70 27 .3 00486 57 .5  52. 1 0 .5 1 2  
1 20585 CD 1 4.2 33.9 2.000 20.0 0 .339 52.8 48 .7 0 .290 
1 20885 CD 5 .56 26.6 5 .300 26.7 00446 62.0 60.2 0 .320 
1 20885 CD 1 0.3 29 .7 3.400 23.5 0042 1 65.5 6 1 .3 004 1 0  
1 20885 CD 1 2 . 1  29.9 2.900 24.0 00432 6204 55 04 0 .580 
1 22385 CD 1 3 .2 3 1 .6 3 .520 2204 004 1 9  58.0 50.9 0 .540 
1 22985 CD 1 4.6 30.5 3 . 780 22.5 0042 1 54.8 50.6 0.290 
0 1 0486 CD 1 3 .5 3 1 .0 3 .320 23 .5 004 1 7  47 .5 43. 1 0.325 
1 02385 HD 8 . 1 2  33 .3 4 .200 2 1 .2 004 1 0  66.7 63.2 0 0425 
1 1 0485 HD 4.26 3 1 .8 1 0.60 24.0 0 .352 65.2 63.8 0.325 
1 1 1 1 85 HD 7.82 35 .2 5 0420 2204 0.2 1 0  63 .5 6 1 .2 0.300 
1 1 1 1 85 HD 9.82 3 1 .3 3 . 760 25 .0 0 .220 72.3 67.0 0.542 
1 1 1 685  HD 6 .50 33 .7 4 . 1 00 23.7 0 . 1 58 7 1 .9 70.0 0 .290 
1 1 1 685  HD 5.28 33 .7 6 .700 25.7 0 .390 6 1 .7 6004 0.245 
1 1 1 885 HD 1 0.9 42.5 3 .900 1 9.2 0.356 62.8 58. 1 00435 
1 22385 HD 7 .00 37 .6 6 .290 2 1 .0 0.275 72.0 69.2 00400 
1 22485 HD 704 1 35 .8 5 .200 20.0 0.302 73.7 69.9 0 .5 1 2  
1 20585 HD 4.60 3 1 .4 1 0.50 22.0 00435 62.9 6 1 .6 0 .290 
1 20885 HD 1 0.0 46.8 3 .980 20.0 0 .3 1 3  76.9 73 .7  0 .320 
1 20885 HD 7 .39 35 .6 5 . 1 20 2 1 .6 0 .290 79.5 76.5 004 1 0  
1 20985 HD 6.82 3 1 .3 6.920 2 1 . 5 0.323 67.2 66.8 0.580 
1 22385 HD 604 1 3 1 .8 7 .790 23.0 00459 7 1 .0 67 .5 0 .540 
1 22985 HD 1 3 . 1  35 .5 2 0450 20.6 0 . 1 52 72.2 6804 0 .290 
0 1 0486 HD 7.62 34.9 50400 22.0 0.235 80.6 78. 1 0.325 
Raw data for oxygen transport study in fourth order arterioles of hamster 
retractor muscle: control (CD), hemodilution (HD), longitudinal gradient in 
oxygen saturation (LlS02/L), downstream oxygen partial pressure (P02d), mean 
red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u) and downstream (d) oxygen saturation (S02)' 
and length of microvessel segment (L) .  
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Date Cond t.S02/L P02d Vel Dia Hct S02u S02d L %/mm mmHg mm/sec Jlm % % mm 
05 1 987  CC 2.22 34.0 1 9.68 74.5 0.366 6 1 .9 59.5 1 . 1 1 2  
052987 CC 1 .56 44.0 1 9.55 65.9 0.424 77.3 76.2 0.725 
062387 CC 0. 1 9  38.5 20.89 66.3 0.383 69.2 68.9 1 .595 
062487 CC 4.4 1 38.7 1 3.80 62.0 0.403 72.4 69.2 0.725 
070687 CC 3 .4 1  39.4 1 6.76 63. 1 0.362 73.5 70.2 0.957 
07 1 487  CC 3 .23 43 .0 1 5 .2 1  75 .7  0.396 77 .3 75 .0 0.725 
072087 CC 0.0 1 47.7 1 8 .75  65.9 0.333 80.5 80.5 1 .450 
080487 CC 0.0 1 38.6 19 .08 63. 1 0.369 69.0 68.9 0.830 
08 1 787  CC 2 .04 35.0 1 7 .08 58.4 0.439 64.5 62.0 1 .247 
08 1 987  CC 0.66 37 . 1 23 . 1 2  62.4 0 .401 67 .8 66.5 1 .943 
082 1 87 CC 0.0 1 38.6 1 8 .00 53 .3 0.450 69.0 69.0 0.725 
07 1 487 CC 0.48 40.9 22.50 68.5 0.445 72.6 72.3 0.540 
070687 CC 0 . 5 1  36.4 1 5 .30 53.3 0.423 65.8 65.4 0. 820 
080487 CC 0.25 39.0 1 8.90 69.4 0.4 1 9  69.8 69.6 0.725 
0 5 1 987  HC 3.86 35 .5 1 3.27 83 . 1  0.423 65.7 6 1 .4 1 . 1 1 2  
052987 HC 2.76 43.6 1 4.53 75.3 0.428 76.6 74.6 0.725 
062387 HC 2 .26 39.4 1 6.38 68.2 0.594 72.5 68.9 1 .595 
062487 HC 5.24 39.5 6.980 74.9 0.525 72.8 69.0 0.725 
070687 HC 3 . 74 38.9 1 0.59 69.0 0.505 7 1 . 7 68. 1 0.957 
07 1 487  HC 3.08 42.3 1 4.02 75 .7 0.462 75.0 72.8 0.725 
072087 HC 1 . 77  50.5 1 1 . 1 4  56.0 0.460 83.7 8 1 . 1  1 .450 
080487 HC 1 0.0 40.5 1 2.44 6 1 .9 0.5 1 3  78.7 70.4 0.830 
08 1 787 HC 5 .74 36.9 9.250 6 1 .2 0.495 72. 1 64.9 1 .247 
08 1 987  HC 0.45 53.8 1 5 .90 57.6 0 .542 84.8 84.0 1 .943 
082 1 87 HC 2.03 38.7 1 0.73 59.2 0.525 69.2 67.7 0 .725 
07 1 487  HC 0.83 44.5 1 2. 5 1 8 1 .2 0.5 1 5  76.0 75.6 0 .540 
070687 HC 0.90 36.4 8.590 58.4 0.506 64.2 63.5 0.820 
080487 HC 0.67 44.5 1 2 . 3 1  78.4 0.523 76. 1 75 .6 0.725 
Raw data for oxygen transport study in first order arterioles of hamster 
retractor muscle: control (CC), hemoconcentration (HC), longitudinal gradient 
in oxygen saturation (t.S02/L), downstream oxygen partial pressure (P02d), 
mean red blood cell velocity (Vel), d iameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u) and downstream (d) oxygen saturation (S02), 
and length of microvessel segment (L). 
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Date Cond ilS02/L P02d Vel Dia Hct S02u S02d L 
%/mm mmHg mm/sec J.lm % % mm 
050687 CC 1 . 77  35 .9 7 . 1 70 65.9 0 . 37 1  66.0 64.5 0 .825 
05 1 987  CC 4 .34 33.6 1 7 .33 65.8 0.345 6 1 .6 58 .5  0.725 
052687 CC 5 .79 38 .0 1 4.73 42.4 0.386 69.8 68. 1  0.290 
052987 CC 1 .99 43.2 1 5 .70 63 . 1 0.402 76.7 75 .3 0.725 
062387 CC 5 .2 1 37 . 1 1 1 .40 44.3 0 .346 68.0 66.5 0.290 
062487 CC 4.4 1 38 .7  7 .520 47. 1 0.462 70.4 69.2 0.290 
062487 CC 5 .90 39.5 8 . 350 49.8 0.473 7 1 .8 70.3 0.26 1 
070687 CC 1 . 1 2  37.9 1 4 .79 40.4 0 .365 68.5 67.9 0.580 
072087 CC 2 .40 46.6 1 0.35 57 .6 0.342 79.6 78 .9 0.290 
08 1 787 CC 3 .4 1  33 .4 1 3 .64 55 .3 0.475 59.2 57 .9 0 .377 
08 1 987 CC 1 .09 4 1 .9 16 .35  38 .0  0.379 74.0 73.6 0.377 
07 1 487 CC 0.86 36 .4 16 .60 49.3 0.405 65 .5 65 .3 0.290 
070687 CC 0.7 1 32 .5 1 2.50 43 .5 0.4 1 3  56.0 55.6 0.580 
080487 CC 0.46 35.8 8.900 58 .5 0.422 64.6 64.3 0.725 
050687 HC 2.5 1 38 .8 5 . 1 00 69.4 0.454 70.0 67.9 0.825 
05 1 987 HC 5.49 33.7 1 3 .07 70.8 0.485 60.9 56.9 0.725 
052687 HC 7.65 4 1 .2 1 0. 3 7  43.5 0.525 73.6 7 1 .4 0.290 
052987 HC 4.30 4 1 . 7 1 1 .94 63. 1 0.478 75 .2 72. 1  0.725 
062387 HC I I . I  36.9 5 . 1 90 45. 1 0.485 68.0 64.8 0.290 
062487 HC 8 . 1 7  40. 1 4. 1 60 6 1 .2 0.542 72.2 69.8 0.290 
062487 HC 8 .90 38 .9 3.800 5 1 .8 0 .557 70.4 68. 1  0.26 1 
070687 HC 2.4 1 40.2 9.640 45 .5 0.525 7 1 .4 70.0 0 .580 
072087 HC 5 . 30 48.9 5 .3 1 0  52.9 0 .458 8 1 . 5 80.0 0.290 
08 1 787  HC 4.95 35.7 5 .430 57 .3 0 .520 63 .5 6 1 .7 0 .377 
08 1 987 HC 3 .58 5 1 . 5 9 .880 39.6 0.523 83.5 82.2 0 .377 
07 1 487 HC 1 . 1 2  36.6 1 0.79 52.3 0. 504 64.6 64. 3  0.290 
070687 HC 1 .20 3 1 .2 7.250 48.5 0.493 5 1 . 3 50.6 0 .580 
080487 HC 0.62 35.0 5 .340 60. 1 0.485 60.5 60. 1 0.725 
Raw data for oxygen transport study in second order arterioles of hamster 
retractor muscle: control (CC), hemoconcentration (HC), longitudinal gradient 
in oxygen saturation (ilS02/L), downstream oxygen partial pressure ( P02 d), 
mean red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u) and downstream (d) oxygen saturation (S02)' 
and length of microvessel segment (L). 
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Date Cond .t.S02/L P02d Vel Dia Hct S02u S02d L 
%/mm mmHg mm/sec jlm % % mm 
050687 CC 9.67 3 1 .3 4.860 27.8 0.354 56. 1 52.7 0.348 
050687 CC 0.83 33.7 5.790 44.3 0.330 59.3 58.8 0.580 
052687 CC 4.03 4 1 . 7 7 .300 36.5 0.359 76.8 73.3 0.870 
052987 CC 5.48 39.3 1 6.77 43.9 0.403 74.0 70.0 0.725 
052987 CC 2.07 37.3 1 1 .63 57.6 0.4 1 0  68.4 66.9 0.725 
062387 CC 9.38 33.7 1 6.89 25.9 0.446 6 1 .4 58.7 0.290 
07 1 487  CC 4.30 40.3 4.470 49.8 0.430 75.0 7 1 .5 0.8 1 2  
072087 CC 8.80 42.8 1 0. 5 1  30.6 0.372 79.3 74.7 0.522 
080487 CC 1 1 . 4 3 1 .5 3 .360 37.3 0.405 56.5 53. 1 0 .295 
080487 CC 6.60 33.6 3. 1 60 39.5 0.433 60.3 58.4 0.290 
08 1 987 CC 6.55 34.9 6.670 39.6 0.395 64. 1  6 1 .9 0.340 
082 1 87 CC 9.00 34.8 4.440 20.4 0.366 64.3 6 1 .7 0.290 
0 7 1 487 CC 5.40 34.4 8.320 37.7 0.4 1 5  62.4 60.5 0.345 
070687 CC 6.50 30.7 9.730 30.5 0.403 55 . 1 5 1 . 3 0.580 
080487 CC 5.20 33.6 7 . 1 00 38.9 0.432 6 1 .4 58.4 0.585 
050687 HC 1 3 .3 3 1 .0 4.070 32.9 0.500 54.6 50.0 0.348 
050687 HC 5.32 32.9 3 .290 5 1 . 8 0.466 58. 1  55.0 0.580 
052687 HC 7.34 3 1 .9 4.670 37.3 0.405 58.9 52.5 0.870 
052987 HC 9.27 38.2 1 3 .35 4 1 .2 0.474 73.6 66.9 0.725 
052987 HC 5.06 36.4 9.350 53.3 0.567 67.3 63.6 0.725 
062387 HC 1 3 .7 34.4 1 0.97 25.5 0.628 62.6 58.6 0.290 
07 1 487 HC 4.80 37.0 2.060 54. 1 0.46 1 68.8 64.9 0.8 1 2  
072087 HC 5.96 39.8 3.700 25.9 0.53 1 72.6 69.5  0.522 
080487 HC 24.4 35.6 2 . 1 80 38 .8  0.569 68.8 6 1 .6 0.295 
080487 HC 9.50 32.3 1 .890 44.5 0.503 56.2 53.5 0.290 
08 1 987 HC 7.47 5 1 .4 3.4 1 0  42.4 0.578 84.7 82.2 0.340 
082 1 87 HC 1 7 .6 33.7 2.880 22.4 0.479 6 1 .9 56.8 0.290 
07 1 487 HC 1 0.5 36.2 4 .320 37.5 0.485 66.7  63. 1  0.345 
070687 HC 8.60 33.6 4.950 29.8 0.496 6 1 .5 56.5 0.580 
080487 HC 1 3 .2 37.2 4.500 39.0 0.500 73.0 63.3 0.585 
Raw data for oxygen transport study in third order arterioles of hamster 
retractor muscle: control (CC), hemoconcentration (HC), longitudinal gradient 
in oxygen saturation (.t.S02/L), downstream oxygen partial pressure ( P02d), 
mean red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u)  and downstream (d) oxygen saturation (S02), 
and length of microvessel segment (L). 
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Date Cond �S02/L P02d Vel Dia Hct S02u S02d L 
%/mm mmHg mm/sec J.lm % % mm 
05 1 987 CC 1 1 .0 28.4 5 . 1 30 2 1 .4 0.380 47.3 45.7 0. 1 45 
052687 CC 20.2 28.7 4 .480 1 8 .0 0.423 52.2 46.3 0.290 
062487 CC 3.48 34.5 4 .5 10  2 1 .6 0.48 1 6 1 . 7 60.7 0.290 
070687 CC 7 .82 32.8 8 .650 26.7 0. 369 60.0 56.6 0.435 
070687 CC 1 6.2 32.8 3 .900 24.5 0.380 6 1 . 7 56.5 0 .320 
07 1 487 CC 1 5 . 1  34.7 4 .300 23.8 0.385 64.7 6 1 .2 0.232 
07 1 387  CC 4.28 32.4 5.480 26.7 0.409 56.6 55 .4 0.290 
0 7 1 387 CC 1 6.2 32.9 8. 1 50 20.8 0 .375 60.6 56.8 0.232 
07 1 487 CC 1 . 1 8  37 . 1 4 .900 32.9 0.4 1 9  66.9 66.6 0 .290 
07 1 487 CC 1 1 . 7  34.0 1 .620 25.5 0.405 63.0 59.6 0.290 
080487 CC 1 0. 7  3 1 . 5  2 .460 24.7 0.440 59.4 53.2 0.580 
08 1 787  CC 1 7 .5 3 1 .9 4. 540 25. 1  0.435 59.2 54. 1 0.290 
08 1 987 CC 10 .2  3 1 . 1  8 .250 23.5 0 .369 55 .2 52.2 0.290 
08 1 987  CC 30.0 3 1 .3 7 . 780 2 1 .6 0.4 1 3  65.8 52.8 0.435 
082 1 87 CC 1 5 .0 30.3 2.790 20.4 0.466 54.9 50. 1 0.3 1 9  
082 1 87 CC 8 .52 34.7 2.200 24.7 0. 376 62.9 6 1 .2 0.203 
05 1 987  HC 32.5 28 .3 4 .770 1 6.9 0 .4 1 9  50. 1 45.4 0 . 145 
052687 HC 24.2 30.4 2.090 1 5 .3 0.470 56.6 49.6 0.290 
062487 HC 8.90 3 1 .9 1 . 380 2 1 .2 0.545 53 .5 50.9 0.290 
070687 HC 3.26 3 1 .6 6.070 45.5 0.447 58.0 56.6 0.435 
070687 HC 35. 1 28 .7 3 .600 24.6 0.495 54.5 43.3 0.320 
07 1 487  HC 30.3 32 .0 3 .500 24.0 0.496 6 1 .2 54.2 0.232 
07 1 387 HC 8.96 32.4 1 .880 28.6 0 .493 56.2 53.6 0.290 
07 1 387 HC 1 9.4 30.6 3 .060 1 7 .3 0.4 16  56.2 5 1 . 7  0.232 
07 1 487 HC 2 .57 33 .5 3 .000 38.8 0 .445 64.6 63.9 0.290 
07 1 487 HC 1 4.6 28.2 1 .420 25 .5 0 .500 50.2 46.0 0.290 
080487 HC 1 2. 1  32.6 1 .230 23 .7 0.550 63.5 56.5 0 .580 
08 1 787 HC 1 5 .5 30. 1 1 . 320 27. 1 0 .500 52.5 48.0 0 .290 
08 1 987 HC 1 0. 8  38.8 4.470 2 1 .2 0.478 69.0 65.9 0.290 
08 1 987 HC 27.9 40. 7  3 .950 22.4 0 .498 86.8 74.7 0.435 
082 1 87 HC 26.3 30.8 1 . 840 20.8 0.479 60.7 52 .3 0 .3 1 9  
082 187  HC 35.2 32.4 1 . 590 25.9 0.405 63.3 56.2 0.203 
Raw data for oxygen transport study in fourth order arterioles of hamster 
retractor muscle: control (CC), hemoconcentration (HC), longitudinal gradient 
in oxygen saturation (�S02/L), downstream oxygen partial pressure (P02d), 
mean red blood cell velocity (Vel), diameter (Dia), fractional microvessel 
hematocrit (Hct), upstream (u) and downstream (d) oxygen saturation (S02), 
and length of microvessel segment (L). 
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